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BRIEF ON APPEAL 



I. REAL PARTY IN INTEREST 

The real parties in interest are Timothy C. Thompson, Baylor College of Medicine 
and Progression Therapeutics, Inc. 

II. RELATED APPEALS AND INTERFERENCES 

Related US Application Serial No. 1 1/038285 is on appeal. An appeal brief has 
been filed by no decision has issued, 
m. STATUS OF CLAIMS 

Original Claims 1-25 were canceled in a preliminary amendment without 
prejudice. Claims 40-105 were canceled in response to a restriction requirement as drawn 
to non-elected inventions. Claims 32 and 34 were canceled in response to the first Office 
Action on the merits. Claims 26-31, 33, and 35-39 are rejected. The Final Rejection of 
Claims 26-3 1 , 33, and 35-39 is the subject of the present appeal. 

IV. STATUS OF AMENDMENTS 

All amendments have been entered and considered by the Examiner. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention of independent claim 26 is described as a method of treating a 
metastatic disorder, such as metastatic prostate or breast cancer by administering to a 
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patient an effective amount of an anti-caveolin antibody [0019], The antibody can be 
reactive against caveolin or the scaffolding domain of caveolin [0019]. 

The progression of neoplastic disease or disorders from normal to hyperplasia, 
early adenoma, early carcinoma and finally to a metastatic tumor is described in [0031]. 
It is an aspect of the claimed invention to inhibit or block this progression by inhibiting or 
blocking the activity of the caveolin protein, which is shown in the application to be 
directly related to the progression to metastatic disease. For example, the data in table 1 
[0115] shows an increase in caveolin protein expression in metastatic prostate tumors 
than in primary tumors. 

The invention of claim 35 is a method for treating a neoplastic disease of the 
prostate comprising administering to a subject in need thereof an anti-caveolin agent in 
conjunction with androgen ablation therapy. The Specification teaches that tumors 
produced by the antisense caveolin clones significantly regi-essed in response to surgical 
castration in vivo and that reduction of caveolin levels not only suppresses metastatic 
activity buy also restores androgen sensitivity [0079]. This is shown by the use of 
caveolin anti-sense clones that acquire hormone sensitivity [0081]. Treatment of prostate 
cancer in conjunction with androgen ablation is described at least at [0132]. 

VI. GROUND OF REJECTION TO BE REVIEWED 

1. Are claims 26-31, 33, and 35-39 unpatentable under 35 USC §112, 1'^ 
paragraph for lack of enablement ? 

VII. ARGUMENT 

Claims 26-31, 33 and 35-39 are fully enabled by the Specification. 

The Specification includes more than adequate support to teach one of skill in the 
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art how to practice the claimed inventions. The Specification teaches, for example, (i) 
caveolin is increased in metastatic prostate cancer [0080], (ii) caveolin is increased in 
androgen insensitive cancer [0117] and (iii) inhibition of caveolin restores androgen 
sensitivity when combined with castration therapy in vivo (Fig. 1). 

Caveolin expression is increased in human metastatic prostate as compared 
to primary tumor or normat prostate tissue. 

The Specification states in [0017] that caveolin expression increases in metastatic 
human prostate cells as compared to primary tumors and agents, and blocking the activity 
of caveolin in metastatic cells or cells predisposed to metastasis would be useful in 
treatment of human prostate tumors. A comparison of primary and metastatic tissues is 
shown in Table 1, Example 1 of the Specification. Furthermore, the Specification at 
[0080] incorporates Yang et al., submitted to the Examiner as Ref. HHH in an 
Information Disclosure Statement on October 22, 2003, and attached as Exhibit 4. The 
Yang reference was published by the inventor after the priority date of the present 
application and shows the increased expression of caveolin in metastatic prostate cells 
relative to cells fi-om primary tumors, Fig. IC. 

Yang also reports immunhistochemical staining of mouse normal, primary tumor, 

and metastatic tissues to detect caveolin levels. The reference states: 

To validate the in vitro studies using cell lines, a series of 
immunohistochemical studies were undertaken to assess the 
pattern and amount of caveolin expression in tissue specimens of 
both primary and metastatic prostate carcinoma... The results 
demonstrated only minimal caveolin expression in normal mouse 
prostate epitheUal cells within the prostate gland; however 
abundant caveolin staining was observed in smooth muscle cells, 
which uniformly surround mouse prostate acini as well as 
endothelial cells in the stromal compartment (Fig. 3A). A diffuse, 
increased accumulation of caveolin was seen in primary prostate 
cancer (Fig. SB), and in the corresponding metastatic cancer cells 

4 

100004 1 v.l 



within the mesentery, higher levels of caveohn appearing as a 
granular pattern localized near the plasma membrane were seen 
(Fig. 3C). In normal human prostate, as in the mouse, 
accumulation was seen in smooth muscle cells as well as 
endotheUal cells with minimal or no staining of ductal or acinar 
epithelial cells (Fig. 3D) In primary prostate cancer, detectable 
accumulation of caveolin in malignant cells was occasionally 
observed (Fig. 3E), whereas in metastatic cancer within lymph 
nodes, an obvious granular accumulation of caveohn was seen in 
the carcinoma cells (Fig. 3F). Yang, pg 1876) 

The Specfication thus establishes as association of increased caveolin expression 
from normal to primary tumor to metastatic neoplastic disease in the human prostate. 
The Specification contains an enabling description of treatment of human prostate 
cancer. 

The Specification further describes treating prostate cancer and metastatic 
prostate disorders by administering an anti-caveolin antibody, at least at paragraphs 
[0019] [0077] [0079] [0080] [0087] [0090] and [0095], all of which teach one of skill in 
the art that suppression of caveolin activity is useful in the treatment of metastatic 
prostate cancer and prostate neoplasia with potential to progress to become metastatic. 
Although the in vivo data were obtained by genetic suppression of caveolin, either by 
antisense or knockout constructs, one of skill in the art clearly understands that the 
suppression of caveolin activity can also be achieved by the use of antibody therapy as 
described. The use of anti-caveolih antibodies in inhibition of metastasis in prostate 
disease is thus fully enabled. 

None of the cited prior art refutes the Specification's teaching that mhibition of 
caveolin with antibody therapy is an effective treatment for prostate cancer. 

The Final Action argues that the Specification is not enabling because treating 

tumors with antibodies is unpredictable and that there is not "convinced evidence that 
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caveolin is directly related with tumorgenesis and is useM therapeutic target." On the 

contrary, the current state of the art has greatly reduced the relevancy of the prior art 

relied upon by the Action. Several antibodies have been approved for cancer treatment, 

and studies show that caveolin is directly linked to prostate cancer progression. 

Monoclonal antibodies arc increasingly recognized as important agents for the 
treatment of cancer. 

The Action relies upon previously cited articles suggesting the "unpredictability 

of treating tumors with antibodies." The Action relies on the Jain, Dillman, Weiner, and 
Nelson references to support this rejection. None of the cited art, either alone or in 
combination refutes the description in the Specification that inhibition of caveolin with 
antibody therapy would be beneficial in the treatment of neoplastic disease of the 
prostate, and more particularly that such treatment would inhibit metastasis as in claim 
26, or restore androgen dependence as in claim 35. 

The references relied on by the Action do not refute the enablement of Appellant's 
asserted utility. 

Jain describes some obstacles to systemic dehvery of cytotoxic chemicals to solid 
tumors at concentrations sufficient to eliminate the maHgnancies from the body. Such a 
discussion is not relevant to the claimed inventions, which are not necessarily directed to 
total elimination of a primary tumor. Jain, for example, does not discuss the possibility of 
treating a prostatic disease by inhibiting the function of a protein such as caveolin, or 
inhibiting progression of the disease to a metastatic state, but focuses the discussion on 
achieving lethal concentrations of a cytotoxic agent throughout a solid tumor. 

The Action also cites Dillman, a review article about treatment with monoclonal 
antibodies that was written in 1989, when monoclonal antibody therapy was a relatively 
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new technology. Even the Dillman absti'act states that monoclonal antibodies are a 
promising therapy but that their general use will be delayed for several years. It has now 
been sixteen years since Dillman made that statement. One of skill in the art would not 
look to such a dated review article when evaluating a therapeutic approach and would 
find nothing in the Dillman article that has any relevance to the present claims. 

The Action also points to alleged major obstacles to antibody therapy in the 
Weiner article. The abstract of Weiner states, however, that monoclonal based 
therapeutics have shown efficacy in clinical trials, and fiirther states that these exciting 
results justify the enthusiasm for continued efforts to refine the existing approaches. The 
Weiner reference thus argues for the enablement of the claims in spite of certain obstacles 
that Weiner states are not reason for discouragement. Turning to the more recent of the 
Dillman articles, the section entitled Monoclonal Antibodies as Biologic Response 
Modifiers beginning on page 1505 may have some relevance to the claimed invention, 
since inhibition of caveolin activity can be considered a biologic response treatment, 
based on the data in the Specification in which the caveolin is genetically suppressed. 
This appears more relevant than the short discussion of treating prostate cancer with anti- 
PSA or anti-prostatic acid phsophatase. This review, written in 1994 indicates that such 
therapies including antibodies against receptors such as Her2-neu, transferring and 
epidermal gi'owth factor were in very early stages of development thirteen years ago. 

Appellants submit that none of the references discussed above are relevant to the 
enablement of the present claims, first because they are discussing a technology that has 
advanced significantly since their publication dates, and second because none of the 
references, even at those early dates, dispute the efficacy of antibody therapy as 
suggested by tlie Action. 
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The Action appears to mischaracterize Nelson, taking a single phrase out of 

context to state that Nelson teaches that reduced caveoHn expression might be considered 

ineffective. When the statement is fully considered, as it would be by one of skill in the 

art, to learn what tlie author actually meant, the opposite conclusion is reached. 

Althougii the progression of caveolin-depleted tumors is less than that of 
control, the tumors still progress. If a similar caveolin targeting strategy 
were successfully applied in humans using tumor growth as the endpoint, 
the therapy would be considered ineffective because the tumors would 
continue to grow, albeit more slowly. But prostate tumors are 
characterized by low rates of proliferation and apoptosis; therefore, any 
therapy that prolongs survival deserves consideration. This seemingly 
axiomatic concept has not enjoyed wide acceptance by those demanding 
evidence of cytotoxicity as the final measure of efficacy. Until a cure for 
prostate cancer is found, new therapies producing disease stabilization 
should not be dismissed. (Emphasis added) Nelson, pg 101 1 

The references relied upon by the Action in no way provide support for a blanket 
rejection of all treatments of cancer with antibodies. Furthermore, one of skill in the art 
would not rely upon such references to determine whether the Specification was enabled 
the use of anti-caveolin antibodies for the treatment of prostate cancer. 
Previously cited publications support the enablement of the claimed inventions. 

Appellant submits that recent reviews are more accurate reflections of the state of 
the art of antibody therapies for cancer, and are indicative of what one of skill would 
understand upon reading the Specification. 

Strome, et al., (submitted as Exhibit 1 in response to Final Office Action) review 
six monocolonal antibodies that have been approved by the U.S. Food and Drug 
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Administration for use in cancer therapy. A Mechanistic Perspective of Monoclonal 

Antibodies in Cancer Therapy Beyond Target-Related Effects, The Oncologist, 12:1084- 

95, (2007) (see Table 1 for list of six antibodies approved by the FDA) (attached as 

Exhibit 1). Strorae et al. conclude: 

"mAbs [Monoclonal antibodies] represent an important advance in 
the treatment of certain hematologic malignancies and solid 
tumors. Unlike many small molecules, mAbs offer unique target 
specificity. The field has evolved rapidly in recent years, and 
now it is much easier to create mAbs against a variety of 
targets of potential relevance to tumor growth and survival." 
Strome at 1092, emphasis added. 



Likewise, Sharkey, et al., (submitted with response to Final Office Action as 

Exhibit 2) similarly describe the state of antibody cancer treatments: 

"Immunotherapy of cancer has been explored for over a century, 
but it is only in the last decade that various antibody-based 
products have been introduced into the management of patients 
with diverse cancers. At present, this is one of the most active 
areas of clinical research, with eight therapeutic products 
already approved in oncology. Antibodies against tumor- 
associated markers have been a part of medical practice in 
immunohistology and in vitro immunoassays for several 
decades, have even been used as radioconjugates in diagnostic 
imagining, and are now becoming increasingly recognized as 
important biological agents for the detection and treatment of 
cancer." Targeted Therapy of Cancer: New Prospects for 
Antibodies and Immunoconjugates, CA: A Cancer Journal for 
Clinicians, 56:226-43, abstract (2006) (attached as Exhibit 2) 



These articles are but two examples of many publications describing the 
development and use of antibodies in cancer treatment. Notably, at least six antibodies 
have endured and survived the rigorous and thorough testing process required for Food 
and Drug Administration approval. Thus, in light of these reports on the state of the art, 
one of skill in the art would immediately recognize that monoclonal antibodies are useful 
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in the treatment of cancer and would recognize the Specification as enabhng for such 
treatment. 

The fact that the FDA has approved at least six antibodies for the treatment of 
various cancers refutes the Action's general argument that treating cancer with antibodies 
is unduly "unpredictable." There is always an element of unpredictability in the 
development of biological therapies because biological systems are complex and 
interrelated, but such unpredictabihty does not present a rational basis for rejecting an 
otherwise enabled claim. To the contrary, as evidenced by the FDA's approval, 
antibodies have been shown to be predictably tlierapeutic in treating cancer. 
Studies confirm that caveolin is directly related to tumorgenesis. 

The Final Action also argues: "the prior art does not provide convinced evidence 

that caveolin is directly related with tumorgenesis and is usefiil therapeutic target the 

prior art has not settled the question of the biological ftinction of caveolin in neoplastic 
disorder comprising prostate or breast cancer." 

Appellant submits as Exhibit 3 a peer-reviewed, published article co-authored by 

the inventor, Timothy C. Thompson, which confirms the Specification's disclosure with 

respect to the role of caveolin in prostate cancer as taught in the Specification. Tahir, et 

al.. Tumor Cell-Secreted Caveolin-1 Has Proangiogenic Activities in Prostate Cancer, 

Cancer Research, 68:731-39 (February 1, 2008) (submitted with response to Final Office 

Action as Exhibit 3). In this article, the authors "examined the association between cav-1 

expression and prostate tumor-associated angiogenesis" by generating an LNCaP (human 

prostate adenocarcinoma) tet-on cav-1 cell line (referred to as LNTB25cav) in which cav- 

1 was regulated by doxycycline. Tahir at 6. In one assay, LNTB25cav tumors were 

estabhshed as subcutaneous xenografts in nude mice. Jd. at 7. Tumor-bearing mice were 
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treated with either doxycycHne or a control solution. Id. The doxycycHne induced cav-1 
expression in the tumors and resulted in significantly greater tumor volumes. Id. at 7 and 
Fig. 6. These data confirm that caveolin expression contributes to tumor growth. In a 
second assay, the LNTB25cav cells were injected into the tail veins of nude mice to study 
lung metastases. The test group was treated with cav-1 inducing doxycycline for 42 days. 
When compared to the control group, "the number and frequency of lung metastases in 
doxycycline-treated [cav-1 induced] animals significantly exceeded results in the control 
group ... and their average size was clearly larger in doxycycline-treated mice." Id. at 7 
and Fig. 6. These data confirm that caveolin expression contributes to tumorgenesis. 
Thus, taken together, these data confirm the Specification's disclosure that caveolin is 
directly related to tumor growth and size. 

In light of these comments and submitted evidence, Appellants assert that all the 
pending claims are enabled by the Specification and respectfully request that the Board 
overturn the rejections of ail appealed claims. 

Claims 35-39, drawn to treatment in conjunction witli androgen ablation therapy 
are separately patentable, and are fully enabled by the Specification. 

The Specification demonstrates that inhibition of caveolin restores androgen 
sensitivity to prostate cancer. 

It is an important aspect of the disclosure that inhibiting expression or activity of 

caveolin restores androgen sensitivity to prostate cancer. It is well known that prostate 

cancer is androgen dependent, or in other words, prostate cancer will not grow in the 

absence of androgen, and a primary treatment for prostate cancer includes androgen 

deprivation (Spec, at [0013]) Certain tumors, however, become androgen insensitive and 

no longer require androgen to grow. When this occurs, the tumor no longer responds to 
11 
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one of the most effective available treatment options. Restoring androgen sensitivity by 



concurrently suppressing caveolin and androgen is an important and novel contribution to 
the art. 

This combination therapy and restoring androgen sensitivity are described in the 

Specification at least at paragraphs [0021] [0079] [0081] [0085] and [0117], and in 

Example 2, starting at [01 16]. As stated at [0079] 

"Surprisingly it has been discovered that tumors produced by the 
antisense caveolin clones significantly regressed in response to 
surgical castration in vivo. Eleven days following androgen 
ablation, tumors derived fi:om three independent antisense clones 
regressed by approximately 30% relative to the wet weights- 
produced in either vector-control clone or parental clones which 
did not respond to castration therapy under the same conditions. 
The antisense caveolin tumors that responded to castration therapy 
also demonstrated significantly increased levels of apoptosis 
relative to either vector-control cones or parental cell lines. 
Therefore, the data indicates that reduction of caveolin levels not 
only suppresses metastatic activity buy also restores androgen 
sensitivity. 



The treatment of prostate cancer by suppressing caveolin with an anti-caveolin 
antibody in conjunction with reducing androgen levels, therefore, is fully enabled by the 
Specification. 

In light of the preceding discussion and evidence, Appellants respectfully request 
the Board to overturn the rejection of claims 35-39 for lack of enablement. 
VIII. Conclusion 

Appellants submit that all the Examiner's rejections and objections are overcome 
in light of the preceding arguments and evidence and Appellants request that all 
rejections be overturned and the pending claims allowed without fiirther amendment or 
prosecution. 
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IX. CLAIMS APPENDIX 

1-25 (canceled) 

26. (previously presented) A method for treating a subject having a prostatic 
neoplastic disorder comprising administering to the subject a composition comprising an 
anti-caveolin antibody wherein the antibody is effective to inhibit metastasis in the 
neoplastic disorder, 

27. (previously presented) The method of claim 26, wherein the neoplastic 
disorder is a displasia. 

28. (previously presented) The method of claim 26, wherein the neoplastic 
disorder is hyperplasia, dysplasia or a hypertrophy. 

29. (previously presented) The method of claim 26, wherein the neoplastic 
disorder is benign enlargement of the prostate, nodular hyperplasia or benign prostatic 
hypertrophy. 

30. (previously presented) The method of claim 26, wherein the neoplastic 
disorder is a malignancy. 

31. (previously presented) The method of claim 26, wherein the neoplastic 
disorder is honnone responsive. 

32. (canceled) 

33. (previously presented) The method of claim 26, wherein the neoplastic 
disorder is prostate cancer. 

34. (canceled) 

35; (previously presented) A method for treating a neoplastic disease of the 

prostate comprising administering to a subject in need thereof an anti-caveolin agent in 

conjunction with androgen ablation therapy. 
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36. (previously presented) The method of claim 35, wherein the anti-caveolin 
agent is an anti-caveolin antibody. 

37. (previously presented) The method of claim 35, wherein the antibody is a 
monoclonal antibody. 

38. (previously presented) The method of claim 35, wherein the antibody is a 
polyclonal antibody. 

39. (previously presented) The method of claim 35, wherein the androgen 
ablation therapy comprises administration of a composition comprising an anti-androgen 
antibody to the subject. 

40. - 105. (canceled) 
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XI. RELATED PROCEEDINGS APPENDIX 

US Application Serial No. 11/038285 
No decision has issued. 
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A Mechanistic Perspective of Monoclonal Antibodies in Cancer 
Therapy Beyond Target-Related Effects 

Scott E. Strome " Edward A. Saiisvifj,e,'' Dean Mann" 

"Department, of Otorhinolaryngology, Head and Neck Surgery. ''Marlene & Stuart Greenbaum Cancer Center, 
and '^Department of Pathology, Division of Immiinogeneiics, University of Maryland School of iVIedicine, 
Baltimore. Maryland. USA 

KcyWord,s. Cancer • MonoclomJ antibodies • Mtibody-de|x;ndenlceliulai- cytotoxicity • Conipleiiieiil-depeiideiit cytotoxicity 

Disclosure: S.E.S. owns stock in Gliknik. has acted as aconsuluuil tor Acciiitive Medical Ventiire-s, has peifonned contract work for 
GTC Biotlieriipeiuics, and receives licensing revenue from IP agreemenis between Mayo Qinic and various third parties (as an 
inventorj. 

Lkarning Objectives 

A-fter compieliiig ihis course, the reader will be able to: 

1 . Describe the relationship between antibody siruciin-e and ei'feclor function, and identify strategies for modifying 
antibody structure to enhance these fuijciions. 

2. Explain how tlie efficacy of monoclonal antibodies in cancer therapy may occur via antibody- as well as target- 
related mechanisms. 

3. Discuss how the ability of monoclonal antibodies to activate iinniune-mediaied effector functions differs across 
antibody isotypes. 



Abstract 

Several monoclonal antibodies are now in clinical use for 
cancer therapy, and many others are currently undergo- 
ing clinical evaluation. These agents offer unique speciilc- 
ity against key molecular targets on tumor cells or iu the 
tumor microenvironment. The clinical efTicacy of mono- 
clonal anfii)odie.s Is generally allribuled to farget-specille 
mechanisms resulting from neutralizing or inhibiting a 
growth factor or receptor that drives cell prohferation and 
tumor growth. Several targets, including CD20, human 
epidermal growth factor receptor 2, vascular endothelial 
growth factor, and epidermal growth factor receptor, 
have been validated in spcciflc malignancies on the basis of 



monoclonal antibody cfncacy. However, monoclonal anti- 
bodies also have the potential (o activate imnmnc-medi- 
atcd effector functions, including antibody-dependent cell- 
niediatciJ cytotoxicity and complenient-dependent 
cytotoxicity. These functions result from interactions in- 
volving the Fc domain of the antibody, and, consequeiilly, 
may vary by antibody, isotypc, and Fc modii'taitioii, such 
as changes in glycosylation. Accordingly, all monoclonal 
antibodies directed against a given target should not be 
considered equivalent in their ability to stimuiattr immune- 
mediated effector functions. The Oncologist 2007:12: 
1084-1095 



Correspondence: Scod E. Slromc. M.D.. F.A,C.S..nepimnieniorOifrhinolaryngi>logy— Head mid Neck Siiigeiy, 16.SoulIi Kulaw Siveei. 
Suite Sm. Baltimore, Maryland 2 l20M6i9. USA. Tekph..ner 4 1 (l-328-:.17S-. Fax: 410-32S-6192; ^'^^^^^^^•"'^f^^^ 
edu Received March 2, 2007; aaepied for piiblicaiion Ju»e 27. 2007. ©AlpliaMed Press tt)S.V71. '59/2007/3.30.00/0 doi: I0.16,.4/ 
theonc(^k>gisi,12-'-)-Um 

The Oncohgist 2007; 1 2: 1 084-1 095 www.TheOncalogisi.com 
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Tabit 1. Unconjugated monoclonal iiiiti bodies currently approved bv tlie U.S. Food and Drug Adiniiiistratioii for use in 
cancer therapy [2, 5] 

Antigenic Monoclonal Year Antibody 



target 


antibody 


approved 


const rnct 


Isotype 


Cancer indication 














HER-2 


Trastuztimab 


1998 


Hiimmiized 


IgG, 


Breast cancer 




' Al^mtuziimab:-^--' 


2001 


; ] iumaiiiMii 






VEGF 


Bevacizumab 


2004 


Humanized 




Colorectal cancer 


EGFR 


Cetuximat 1^. 








^ Colorectal o(tif(^^^^^"*^^-''r 


EGPR 


Pamtuniunuib 


2006 


Human 


IgG. 


Colorectal cancer 



Several additional monoclonal antibodies are immunoconjugates that either deli\ er radioisotopes or cytotoxic agents to 
aimor celts. Ibritumomab tiuKetan and tosiwimomab are anti-CD20 conjugates that deliver '-^Y and ' ' 1. respectively, to 
tumor cells in non-iiodgkin s lymphoma, whereas gemtuzumabozogamicm is an anti-CD33 conjugate that delivers a 
cytotoxic calicheamiciii derivative to acute myelogenous leukemia cells 1.2], 

Abbreviations: EGFR, epidermal growth factor receptor: HER-2. human epidermal growth factor receptor 2; VEGF. 
vascular endothelial growth factor. 



Introduction 

JVlonoclonal antibodies (niAbs) became a therapeutic pos- 
Sibil ily for cancer wi Ih tlie development ofhybridoma tech- 
nology by Kohlerand Milstein in 1975 1 1 j. Thi.s technology 
allowed the ininiortalizaiion oi' antibody-producing cells 
derived from imniunized mice and the .^iubseqiient selecfion 
oF single-cell clones for the production of antibodies with 
high affinity and single speciricily for an antigenic target. 
Early studies showed that murine niAbs directed agaiiLst tu- 
mor onligens were elTcclive in animal models, but transla- 
tion of these findings into a clinical setting proved lo be 
problematic [21. The poor performance of mAbs in Ihesc 
early studies was alUibuled lo .siiort antibody half-life, iin- 
munogeniclty of the murine protein in the human hosf, and 
depressed immune- mediated effector functions [3]. Impor- 
tantly, it raised the question of vvhether mAbs directed 
against tumor antigens could elicit a sufficient immune re- 
sponse to promote clinically meaningful iumor regression. 

Many of these early limitations were overcome by gen- 
erating chimeric or humanized mAbs [2. 3|, A chimeric an- 
tibody contains the mmine variable region (the part of the 
aniihody that specifically recognizes il.s antigenic target) 
fused to constant domains of a human antibody backbone 
[4]. !n comparison, a humanized antibody contains the mu- 
rine sequence of only those sections of the variable domain 
that actually interact with the antigenic target. These so- 
calicd complementarity-determining regions [CDRs) are 
grafted onto a human antibody. Finally, fully human anti- 
bodies contain no murine sequences. Becau.se most or all of 
the murine seciueuce has been replaced, the chimeric, hu- 
manized, and human antibodies are less immunogenic 
and may have longerhall-lives because ofa slower clear- 
ance (2,1. 



Within the body, antibodies identify and label alien, po- 
lenlially harmful particles, an initial step in the destruction 
of pathogens or abnormal cells. Stib.sequenlly. other com- 
ponents of the immune system attack and destroy the targets 
lagged by antibodies. 

For tlieiapeutic puiposes, it was recognized that high- 
specillcity binding by antibodies could neutral i/.e mem- 
brane proteins regulating tumor growth. By blocking these 
growth factor receptors, antibodies could promote apo- 
ptosis or arrest growth of tumor cells merely by binding 
their target, thereby obviating the need to stinuilate immune 
effector functions. These advances led to the development 
and approval of the first two niAbs for use in cancer ther- 
apy: rituximab (Rituxan®; Genentech. Inc.. South San 
Francisco, CA) for non-Hodgkin's lymphoma in 1997 and 
trastuzumab (Herceptin®; Genentech, Inc., South San Fran- 
cisco. CA) forbrea.si cancer in 1998. CniTently, at least six 
unconjugated mAbs are now approved i^y the U.S. Food 
and Dnig Administration for use in cancer therapy (Table 1. ) 
|2, 5], Several other approved mAbs are immunoconju- 
gates, which are designed to deliver radioisotopes or cyto- 
toxic agents specifically to tumor cells. 

Target-spec i lie mechanisms likely account for mucli of 
the efficacy of inAbs in cancer therapy. However, sufficient 
data e.sisl now to suggest diat other antibody-related mech- 
anisms may contribute sign! I'icantly to the activity of .some 
mAbs. Therefore, mAbs directed against the same antigenic 
target may. in theory, differ in dieir clinical profile depend- 
ing on whether or not they etTectively activate immune- 
mediated ef fector functions. This article considers evidence 
on the role of immune mechanisms, specifically antibody- 
dependent cell-mediated cytotoxicity (ADCC) andcomple- 
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Figure 1. Schematic oFlgC antilmdy stniL'tiire. Abbreviation: CDRs, complementarity-deteiniining regions. From Siiarkey RiVl, 
Goldenberg DM. Targeted therapy of cancer: New prospects for antibodies and imniunoctmjugates. CA Cancer J Clin 2006:56: 
226-243. with permission. 



mcnl-dependeiiL cytotoxicity fCI')C). in the action of niAbs 
ill cancer llieriipy. 

ANTiiiODV Structure and EmxTOR Function 

Antibody Structure and Isotypcs 

Antibodies are heterodimeis consisting of two light chains 
and two heavy chains, in whicli each light chain is attached 
to a heavy chain by a disulfide bond, and the heavy chains 
are attached to each other by multiple disulfide bridges 
(Fig. 1) [6, 7j. The amino terminus of each light and heavy 
chain contains the variable region, which differs in amino 
acid sequence across antibodies, Tlie unique specificity of 
antibodies depends on the amino acid setjuence of the 
CDRs located wilhin the variable region. Together, the 
CDRs on both the light and heavy chains form a iniitjuc 
structural conformation that represents the antigen-binding 
site of (he anlibody. The rest of the antibody molecule, 
known as die constant region, sliavvs relatively few dilTer- 
ences in amino acid sequence. On trealirienl with ihc en- 
zyme papain, antibodies are degraded into two identical 



Fab fragments, each containing the antigen-binding sifc, 
and an Fc fragment wiliionl antigen-binding activity |71. Il 
is through the antigen-binding site that an antibody recog- 
nizes the antigenic epitope of its target, thus conveying its 
unique specificity. Whereas the antigen-binding site deter- 
mines the antibody specificity, it is the Fc region that binds 
to effector cells or coiiipleinent to trigger imnitine-inedialed 
effector functions j6, 8.]. 

Amino acid seqtiencing shows that llie constant region 
of light chains can be classifie<l iiuolwo basic types, termed 
K and A, The k type accounts for a large majority of murine 
light chains but only 60% of light chains in human antibod- 
ies. Most of the engineered antibodies for therapeutic pur- 
poses use K light chains. There are al.so several basic types 
of heavy chains, which are classified according to (he 
atniiio acid sequence pattern of their constant regions. 
These are designated as y, ii, a, S. and and correspond to 
IgG, IgM. IgA. IgD. arid IgE, respectively. Each type of 
heavy chaiti can be combined with eiiher a k or A light 
chain. The y heavy chain can be furiher classified on the 
basis of minor differences in amino acid .sequence into four 
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Table 2. Rank order of binding affinity oUgG isotypes for FcyR subdasses [15] 



subclass Polymorphism Rank order of binding 

l-cyRJIa 131RJ31H IgG, > IgG, [tint] fgG-. = igG4 IgG., > Ig< 

IgG. [tint] IgGj 

FcyRllc Noi detemiineci 

Fc7RUlb NA ! or NA2 IgG, = IgGj [tnit] IgGj = IgG4 

Abbreviations: FcyR, immunoglobulin G fragment C recepior. 



isotypes, termed 7I , yZ. y?>. and 74, wliich in aiin give rise 
to four IgG isotypes, termed IgGj, TgG-,, igG^, and 7gG4, 
respectively. These isotypes aredistinguisiied by die size of 
the hinge region separaiinj! the variable and constant re- 
gions, and by the ntimhcr and [josition of tlie disulfide 
bridges linking the two heavy chains [7]. These relatively 
small changes in structure may substantially impact the bi- 
ological activity of antibody isotypes |.91. Within each i so- 
type, fhe overall striiciure and function of immunoglobulins 
may also be delcrniined by glycosylaVion status and by al- 
lelic variations. It has been shown thai several glycosyla- 
tion sites are critical for the full functionality of antibodies. 
Ig variants engineered to lack glycosylaiion cannol bind 
their Fc receptors (FcRs), while, inversely, function can be 
improved by insmipulating the composition of the oligosac- 
charide chains attached 10 theJg backbone 1 10-141. Theef- 
leaf of allelic variants on immune i'linctionality is described 
below, as il has been crucial to a.sscss the conlribulion of 
these functions to overall therapeutic elTicacy. 

Immune-Mediated Effector Functions 

Immune- mediated eiTector i unctions include two major 

mechanisms: ADCC and CDC. Both of them are mediated 

by the constani region of the hnmunoglobulin protein. The 
antibody Fc domain is, thei-etbre, the portion that deHnes 
interactions willi immune clTector mechanisms. 

ADCC 

In ADCC, an IgG antibody first binds via its aiiligen-bind- 
ing site to its target on tumor cells, and then the Ix portion 
is recognized by specillc Fey receptors (Fc^R) on effector 
celis 131. In huinans. the FcyR expressed on leukocytes in- 
clude high-affinity FcyR! (which binds to monomeric igO 
and tends to be occupied by plasma IgG) and iow-alTmity 
FcyRI! and FcyRlll (which bind IgG aggregates or immu- 
nocomplexes). each having several isoforms with differing 
cellular localization. 



The intracellular structures of FC7RIS and FcvRMIs 
contain activation domains that can .stimulate immune cells 
via Src-family protein tyrosine kina.ses. Fc binding in the 
context of Fab ligation results in FcyR cross linking, 
ihereby activating intracellular signaling and ultimately 
stimulating their effector functions. However, Fc binding to 
FcyJlb, which is expressed by 6 cells, macrophages, and 
monocytes, induces an inhibitory signal thai may serve to 
regulate effector functions. Natural killer (NK.'i cells are the 
principal effectors of ADCC; they express FcyRVlc and 
FCyRllIa. The role of Fc^RlIc activation in NK cells is un- 
clear, but activation of Fc^RllIa induces ADCC and cyto- 
kine production [15). ADCC is mediated by the release of 
cytotoxic granules, such as perforin, granulysin, and gran- 
zymes, whereas the release of cytokines and chcmokines 
leads to inhibition of cell proliferation and angiogenesis. 
Macropliages also express Fc7Rlla and Fc7RIlla, and can 
induce phagocytosis of antibody-coated tumor eel Is as well 
iis promote ADCC through release of proteases, reactive 
oxygen species, and cytokines [3]. 

The ability of mAbs to stimulate ADCC depends on 
their isotypc. IgG, and IgG, antibodies bind very well to 
FC7RS, while igG4 and IgGj antibodies bind weakly (Table 
2) |7). Therefore, both IgGj and !gG, isotypes can provide 
a double-pronged therapeutic action: target-based and im- 
mune-based, IgG-, aniibodies. however, have a much 
shorter serum half-life (8 days versus 23 days for JgG,s) 
probably due to different interactions between the two iso- 
types and the Fc neonatal rece]:>ioi- (Fcnii) that regidatcs im- 
munoglobulin homeostasis. This reliUively short half- life 
makes the IgG, class suboptimal for therapeutic adminis- 
tration (except when short lii'e poses an advantage; see im- 
munoconjugaies, be low), and most mAbs currently 
available for cancer therapy are of the IgG , isolype (Table 
n. These monoclonal IgGiS allow for feasible administra- 
tion and are most likely lo promote ADCC. thus coniribui- 
ing an additional mechanism to their antitumor activity. 
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CDC 

CDC is another immune-medialed elTeclor runction liiai de- 
pends on anlihody isotype. IgG_, Ibllowecl by IgG, arc the 
mosl erfective isotypes for stiinuliiling the classic comple- 
ment cascade: both isoiypes binti to Clq leading lo forma- 
tion of C3b on the surface of antibody-coaled tumor cclis 
near the Kite of complemeiil activation 17|. [gG, antibodies 
are less efficient in activating the complement cascade, 
whereas IgG^ is unable to tlo so L4j. The presence of C3b 
controls Ibrmalion of the C5-C9 membrane attack complex 
(MAC) that can insert into the membrane to lyse lumor 
cells. However, the enzymatic activity of C3b and conse- 
quently MAC fortiiation ai-e regulated by a series of mem- 
brane proteins that are overexpressetl on many iinnor ceils 
[2|. Tiiese include CD35 (compiement receptor lype !), 
CD46 f membrane cof actor protein), and CD55 (decay ac- 
celerating protein), which inaclivaie the enzymatic aclivity 
of C3b, and CD59, which inhibits MAC fonnation; these 
markers have been demonsti-aled lo inhibit tumor cell lysis 
by complement mediated by a therapeutic IgG , [ i 6). There- 
fore, a siibstanlial contribution of CDC to the antitumor ac- 
tivity of mAbs may be unlikely, given the presence of these 
negative regulators in tumor cells [3]. Nevertheless, al- 
though C3b is inactivated to iC3b, its presence on the tumor 
cell sm-facc may be recognized by effectors eKprcssing re- 
ceptors for C3 iVagmenls, and in turn leads to synergistic 
interactions with Fc^R-niediaied phagocytosis or ADCC 
12. 17, 181- 

Studying Immune Functions: Murine Models Versus 
Human Systems 

Many of the studies that have shaped our undei sLanding of 
tninumologic functions have been carried out in murine 
models. It is worth considering, therefore, the substantial 
differences between the FcR system in humans and their 
murine counterparts. The FcR systems in mice and humans 
share a similar architecture, with a complex stimulatory/ 
inhibitory receptor network, but the relative affinities of the 
stimulatory elements for each different isotypc in mice do 
not match those in the human FcR family. 

In mice, the FcyRI is also a high-affinity ADCC-stimu- 
lalory receptor, but it binds preferentially the TgOn isotype 
(in particular, the subisotype igG,.,) and seems to have a 
limited role in the functions of other murine IgGs | ly. 20i. 
The activity of the murine FcRyin seems to be complemen- 
tary 10 Fc7Ri. binding the isotypes IgG, and IgG^h more 
robustly than the IgG,,, [21-231- Finally, a third stimulatory 
receptor, FC7RIV, has high homology with the human 
PcyRlll and moderate aflniity for the IgG, isotype (a and 
b), but does not bind IgG, 124]. 



Mechanism and Activity of 
Therapkutic mAbs 

Target-Specific Mechanisms 

Depending on the epitope against which an antibody is di- 
rected, antibody-antigen binding may neutralize circulat- 
ing targets or cell surface receptors. Antibody binding to a 
receptor may prevent natural activation by li gauds, or actu- 
ally promote receptor activation. The epitope for anubody 
binding is very critical because some tumors may change 
surface proteins by post-translalional modification, and 
consequently an antibody lliat recognizes a normal or mi- 
modified antigen imay no longer bind once the antigen has 
been modified. Tlie currently available unconjugated mAbs 
arc directed against molecular targets that are expressed on 
tumor cells or play an important role in the tumor microen- 
vironmeni (Table 1). 

Bcvaciziimab 

Bevaci/.umab (Avastin®; Gencntceh. Inc., South San Frau- 
ci.sco, CA) is a humanized IgG, mAb directed against vas- 
cular endothelial growth factor (VEGF). VEGF binds to 
VEGFR-J and VF,GFR-2 receiptors located {>n vascular en- 
dothelial cells to stijnulate excessive angiogenesis. thus al- 
lowing exponential tumor growth and providing a route for 
metastatic spread |25, 26|. By binding to VEGF, bevaci- 
zumab prevents VEGF from interacting with its receptors, 
and thus should inhibit new vessel growth. In preclinical 
models, bevacizumab blocked VEGF-induced cell prolifer- 
ation, survival, and migration, reversed VEGF-induced 
vascular permeability, and normalized VEGF-induced 
changes in vessel architecture [27, 28 i- These changes led lo a 
reduction in interstitial preissure and increased blood flow, 
which may be important in improving the delivery of cyio- 
to.\!c drugs uRcd in combination with bevacizumab, and in 
reversing tumor hypoxia and its impact in mediating drug 
resistance, hiterestingly, this effect may be short-lived, be- 
cause tumor blood vessels eventually collapse after pro- 
longed VEGF blockade, possibly leading lo development 
of VEGF resistance 129:|. 

Bevacizuniab has demonstrated efficacy in metastatic 
colorecial cancer (mCRC). improving survival when added 
to a variety of cytotoxic platforms [30-32 1. and also in met- 
astatic breast cancer [improving progress ion -free sun'ival 
(10.97 mos. vs 6.1 1 mos.: HR = t).498,/) < 0.00 1 ) and pos- 
sibly overall survival (HR = 0.674./) = 0.01) in combina- 
tion with paclitaxcl, but not capeciiabinel [33. 341 ^"1^1 
advanced non-small cell lung cancer {improving sur vival 
when added lo carbopiatin plus paditaxefj [3.^ |. 
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Rihiximab 

Rituximab is acliimeric IgG, inAb directed against CD20, 
an antigen expressed on most B cells, including roUicular 
B-ceii lymphomas. In preclinical studies, binding of ritux- 
imab Lo CD20 has been associated with cell cycle regida- 
tion, altered expression of other cell surface molecules, and 
induction of npoptosis [36], Although CD20 has been sug- 
gested to be a calcium chamiel mvolved in B-cell growth, 
its iicLual function is not entirely clear [37]. Therefore, ii is 
not known whether any of ihe observed preclinical elTects 
actually conlribute lo theclinica! efficacy of rituximab 136]. 

Riui.\imab is effeclive In the IretUmcnt of lymphoma, 
providing progression- Iree and overall survival advantages 
when added to front-line cytotoxic chcmotlierapy for dif- 
fu,se and other aggressive B-cell lymphomas [38, Mj, as 
well as indolent forms of the disease {i.e., follicular) i40|. 
Rituximab is also an effeclive maintenance iherapy in indo- 
lent lymphomas after response to initial therapy [41 J. In ad- 
dition, rituximab has produced promising results in the 
treatment of autoimmune diseiuses, including rheumatoid 
arthritis and certain lupus variants |42-44]. 

Ibritumotnab Uuxciaii and toslLunioraab also target 
CD20, but tiieir efficacy may be related not only lo target 
binding in itself, bul a!so lo their conjugated radioisotopes 
(sec below). 

Epidkrmal Growth Factor 

RjXKPTOR-TAKCiETEI) AnTIBODIKS: CETUXIMAB 
AND PANITUMUMAU 

The 01 her available mAbs target members of the erbfi fam- 
ily of growth factor receptors: cetuximab (Erbiiux'^, Im- 
Clonc Systems Inc., Branchburg, NJ) and panitunuimab 
iVectibix'^'. Atngen Inc., Thou.sand Oaks, CA} arc directed 
against the epidermal growth ract(,)r receptor (EGFR) and 
traslu/.umub against human EGFR type 2 (HER-2). Follow- 
ing ligand binding, these receptors dinierize. leading to aii- 
tophosphorylation. tyrosine kina.se aclivation. and 
downsti-eam signaling iliaL ultimately leads to cell prolifer- 
ation and tumor grovvdi [451. Cetuximab is a chimeric IgGj 
mAb; panituinnmab is a huenan IgGi mAb. Both bhid to the 
extracellular domain of EGFR, thereby acting as competi- 
tive antagonists of the natural ligands. EGP and transform- 
ing growth factor a [45, 46). As a result, these mAbs 
block EGFR- mediated signaling, leading to G, cell cycle 
arrest as a result of liypophosphoiylation of the retino- 
blastoma protein [47]. In addition, these mAbs induce 
downrcgulation of EGFR expression on the cell surface 
1451. 

Paniluniumab is active as a single agent in the treatment 
of mCRC multi refractory to cytotoxics 14Kl.bui itsefficacY 
as part of combination regimens is less clear 149], Cetux- 



imab is effective, in combination with cytotoxics and as sin- 
gle agent, in mCRC refractory to one or more therapies 
1 50-52]. Cetuximab is also active in head and neck cancers, 
significantly prolonging survival when added lo radiation 
therapy [53]. 

Trastuzumah 

Trastu;:umab is a humanized IgG j mAb that targets HER-2, 
which is overexpressed in soine breast cancers. Binding of 
Irasiuzujnah disrupts HER-2 signaling and blocks cell cycle 
progression in the G, phase, leading lo inhibition of tumor 
growth 154). Tlie blockade of cell cycle progression by tras- 
tiizumab is correlaied with the expression o.rp27'*'^', an in- 
hibitor of the cyclin E-CDK2 complex thai controls 
progression through G, [55], It remains unclear whether 
trastuzumab promotes HER-2 internalization ordownregu- 
l a lion. 

Trastuzumab is effective against metastatic breast can- 
cer tumors overex pressing the HER-2 target, and its addi- 
lion to standard chemotherapy results in higher response 
rales and longer progression-free survival (PFS) and overall 
survival times in this patient subpopulation 156-58], The 
role of trastuzumab may extend to maintenance therapy 
throughout diflerenl cytotoxic regimens, but the benefit of 
that strategy is still to be detenniiied [59]. 

These target-specific mechanisms — inhibition of 
VEGF by bevacizumab, binding lo CD2() by rituximab, 
blocking EGFR by cetuximab and panitumumab, and 
blocking H ER-2 by Irastuzumab— are mediated by the an- 
tigen-binding site of the mAb and may contribute to some 
or all of Ihe observed clinical efficacy of these agents. How- 
ever, clinical efficacy may al.so be a result of, at least in 
some part, antibody-specific mechanisms mediated 
through the Fc domain of the mAb. 

Antibody-Specific Mechanisms 

Immune-mediated effector mechanisms, specifically 
ADCC and CDC. may conlribute to the clinical efficacy of 
certain mAbs. Although preclinical evidence points to the 
potential importance of these mechanisms, there are only 
limited data to show that these mechanisms may indeed be 
important in the clinical setting. 

ADCC 

The strongest evidence supporting ADCC as a clinically 
meaningful mechanism of certain therapeutic mAbs is 
based on studies evaluating the impact of different allelic 
variations of FcyRs {FcyR polymoiphi.sms) on clinical re- 
sponse (Fig, 2) [60, 61 j. Polymorphisms have been idenii- 
iled in several FcyR subclasses, including FcyRIUa and 
FcyRUa |37j. In FcyRIUa., a point mutation at micleotide 
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Figure 2. Response rates at 12 months with single-ageiu rii- 
uximab according to FC7R genotype in patienls with follicuhu 
lymphoma. Oirtron and colleagues [60J evaluated 49 patients 
receiving fu-,st-]iiie rituximiib. Weng and Levy [611 evaluated 
87 patients, including 72 patients who had received cheino- 
thernpypriortoritiiximah. Abbreviations: l-\phenyiahmlne; II, 
liistitline; R. rtrginine; V. valine, 

559 results in subsiilution ol' valine by piieiiylalunine at 
amino acid 158. The FcyRIl la- i 58 VA^ protein has higher 
arfinity for IgG,, IgG,. and IgG,, and shows greater NK 
cell-mediuted activity ihtm the Fc7RlIIa-1581VF variant 
[621. In FcyRJfa, which is expressed on macrophages but 
not NK cells, a point mutation changes argiiiine lo hisiidine 
at position 131 and results in higher TgG binding affinilA', 
particularly forlgG^ 1 15 j. On the basis of the different bind- 
ing affinities, patients harboring Fc7Rnia-15SV/V and 
Fc7RIJa-13 1 H/H would be expected 10 mouni a more vig- 
orous ADCC anLilumor response upon niAb treatment. 

Canron and coilcagiies 160] tested FcyRHIa polymor- 
phisms in 49 patients with 0020"*" follicularnon-Hodgkin's 
lymphoma who received firsi-line therapy with rituximab. 
Ten putietiEs (20%) were honi07.ygou.s for the FcyRIUa- 
/5SVA' genotype and 17 patients (33%) for the FvyRllki- 
/5Sf/F variant. Tlie remaining 22 patients were heterozygous. 
Patients with the FcyRlfhi-l5H\W^nQiwpc had signilicanlly 
higher response rales than FcyRUh-ISHF carriers (i.e., ho- 
mozygous I58F/FOV heieiozygous V/F) when evaluated al 2 
months (t 00% versus 67%; = .03) or 12 moiuhs ver- 
sus 51%;/?= .03 ). Moi^over, ihe 3-year PFS rale tended to be 
higher in Fr7/e///rj-/.5«V/V' patienLs dian in rcyKllki-lSSF 
cairiers, although lliediffeience did iiol reach stalislical signif- 
icance (56% versus ^5%: p = .2). 

These findings were exleiided by Weng and Levy i.61]. 
who mca-sured both FcyRiht and FcyRlUti polynioiphisms 
in a cohort of 87 patients with follicular lyiTiphoma, includ- 
ing 13 patients who received first-line riluximab and 72 pa- 
tients previously treated with chemolherupy before 
riluximab. The cohort included 13 puitents ( ! 5%) homozy- 
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gous for FcyRIlla-lSSV/V-dnd 34 patients (39%) homozy- 
gous for FcyRUIa-lS&F/F. Patients with the FcyRftla- 
/5SVyV' genotype had a slgiiificantiy higher response rate 
than FcyRIIla- 1 3SF ci\rneis when assessed during the first 
3 months or at 6, 9, or 12 months (75% versus 267^ at 12 
months; p = ,002). The 2-year PFS rate also favored the 
FcyRHf(i'J58V/V homozygotes over FtyRllhi-158F carri- 
ers (45% versus 12%; p = .023). When FcyRIJa polymor- 
phi,sm was evalualed, 20 patients (23%) were homozygous 
for i3lH/H and 24 patients (28%) for wei e homozygous for 
IJIR/R. Patients with the FcyRHa-IIOH/H variant had u 
significantly higher 12-monl!i response rale (55% versus 
26% ; p ~ .027) and 2-year PFS rate (37% versus 14%; p = 
.011) than FcyRIIa'II6R carriers. On logistic regression, 
both FcyRina-J5S\W -And FcyRUa-} 16H/H polymor- 
phisms were independently associated with a higher re- 
sponse rate and longer PFS time on rituximab. Taken 
together, these studies support a role Jbr ADCC in the clin- 
ical elTicaey of rituximab; they are also suggestive of a 
proof of principle in which ADCC may be particuiarly im- 
porlanlin tire efficacy of other \gG, mAbs, including eelux- 
imab, as this isotype is the most potent ADCC mediator. 

Recently, Zhang and colleagues [63] explored whether 
FcyRUa and FcyRlUa polymorphism.s would influence 
clinical response to single-agent cetuximab in 39 patients 
with mCRC who had failed previous irinotecan- and oxali- 
plaiin-ba.sed therapy. The cohort included five patient.s 
(15%) with the Fty/e/Z/H- genotype and nine pa- 
licnt.«! (23%) with the FcyRila-J 16H/H variant. Only two 
patients (5%) hud partial responses lo cetuximab— consi.s- 
tent with response rates reported for patients with advanced 
CRC. Patients with the FcyRUki-l5S F/F and /■ A' geno- 
types tended lo have stable di,sease (57% and 7 1 respec- 
tively), whereas those with the /5ifV7V' genotype tended to 
have progressive disease (80%) on ireatmeni with cetux- 
imab {p = .082). Similarly, patients with FcyRUa- J 16H/M 
and H/R variants tended lo have stable disease (78% and 
71%. respectively), and those with JI6R/R tended to have 
progres.si ve diseiLse (86%) {jt = .082). Similar patterns were 
.seen for PFS and overall survival, although l!ie predictive 
value of the polyinorphisms con.sidered independently did 
not reach stiilistical signillcaiice. When the polymorphisms 
were considered together, however, patients harboring the 
combination of FcyRUht- l5S\Wimi\ Fc yRUa- 1 16R/R had 
a significantly shorter PFS interval than the remaining pa- 
tients (1.1 ver-sus 3.7 months; p = .004). 

In principle, the impact of FcyR polyiTH>rphisms on re- 
sponsiveness lo therapy supports a potential conlribufion of 
ADCC to antitumor efficacy for rituximab. Additional in- 
direct evidence, albeit iTtore limited, is beginning lo indicate 
that ADCC may also be contribtiting to cetuximab activity. 
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Taken togelher, however, these studies suggest that specific 
polynioiphisnis may mfluence oiacoincs differently with 
cetuximub in inCRC than with rituximab in follicular lym- 
phoma: ihe presence of Uie FvyRUa-IHiH polymorphism 
seems to be indicative ol' a good refij^onse to tlierajny for 
both inAbs, while the FcylUfla-l SSF v'Mhmi is linked m a 
poor response lo riluxinuib in patienls with hemaiolosic tu- 
mors, but it seems lo be linked lo a potent response to ceiux- 
imab in patients with mCRC. Despite the small sample size 
in these studies, it is important to recognize that nol all 
rnAbs are the same, even those of the same isotype. Poien- 
lial differences may relate to the ijctual determinants of the 
atiLibodtes or the exact mechanism{s) of cytotoxicity that 
they evoke. 

Clearly, we are at an early stage in om- understanding of 
whether ADCC conlributes to the clinical efficacy of 
ttiAbs, and if so, to which ones. The interplay between host 
and tumor is. in all likelihood, the major determining factor 
in any immune response directed against tuniore. Recent re- 
ports indicate that CRC lumoi-s with a high density of infil- 
trating immune cells are less likely to di.sseminale: 
furthermore, the type, density, and location of immune cells 
that inllltraie into colorectal tumors are robust predictors of 
clinical outcomes, and their prognostic vaiue is indepen- 
dent from, and superior to, staging based on histupiitholog- 
ical criteria [ft'l |, These findings point to Ihe importance of 
immune responses in controlling tumor growth, on which 
therapemic antibodies could capitalize. It is also imporlanl 
to consider that the intrinsic susceptibility of variou,*; tumor 
cells (e.g., colon cancer cells versus lymphoma cells) to im- 
mune-mediated effecttir functions may differ, and it may 
change as disease progresses. It is teniiHing to speculate that 
the benel'it of ADCC may he greatest at eaiiier .stages of dis- 
ease when the tumor burden is smallest. Accordingly, it 
may be unrealistic to expect a major coniribntion lo antitu- 
mor activity from ADCC in studies conducted with single- 
agent monoclonal therapy in advanced cancer, where 
immune function may be impaired by previous treatments 
or the nature of the disease itself [65 J. Additional studies at 
earlier stages of disease are needed. 

In theory, ADCC is less likely to be invol ved in the clin- 
ical response lo an IgG, mAb such as panitummnab, than to 
IgG I mAbs, The FcyRIla- !MMi\\\i\eL encodes the only re- 
ceptor capable of efficiently interacting with lgG2. and it is 
expre.s.sed on macrophages but nol NK cells. Importantly, 
the FcYRilia receptor on NK cells, regardless of Ihe /5<S'V7F 
polymorphism, binds poorly to igG, I I.tI. Studies evaluat- 
ing clinical response or outcome with panltuniumab ac- 
cording to I'cyR polymorphisrn have nol been reported to 
dale. 



CDC 

Evidence supporting a role of CDC in the clinical efficacy 
of therapeutic antibodies, specifically riUiximab, is bailed 
largely on preclinical models, Rituximab cured all wild- 
type mice injected with human CD20-transfected murine 
liL4 lliymoma cells, but its protective effects were abol- 
i.shed in Clq-deficient mice lacking an intact complement 
pathway I I7J. In contrast, depletion of NK cells or neutro- 
phils did not inlluence the protective effects of rituximab, 
nor did testing in aihymic nude mice. Similar findings were 
recently reported in a murine B -ceil lymphoma mode I using 
human CD20-transfected 38C 1 3 lyittphoma cells |66|. Rit- 
uximab cured all animals with no evidence of lymphoma 
when assessed by immunohisiochemistry imd polymerase 
chain reaction analysis, whereas its protective effect was 
abolished after complement depletion with cobra venom 
factor. Again, depletion of NK cells or neutrophils, or re- 
fnovai of phagocytic macrophages, did not affect the pro- 
tective action of rituximab. These models strongly suggest 
that the protective effects of rituximab depend on CDC, at 
lea.st in the mouse (as discussed before, immunological dif- 
ferences between murine and human systems preclude im- 
mediate extrapolation of conclusions from one to the other). 
However, the role of CDC in Ihe clinical efficacy of ritux- 
imab or other therapeutic mAbs remains unclear [18. 66]. 
Studies evaluating the importance of CDC with other ther- 
apeutic mAbs have not been reported. 

As noted previously, CDC is regulated by a series of 
membrane proteins that piornole inactivation of C3borpre- 
vent MAC formation {2|. The role of these inhibitois in reg- 
ulating the clinical activity of rituximab wa,s explored in 29 
patients with follicular lymphoma, most of whom had been 
treated with two or three courses of chemotherapy before 
receiving rituximab. Overall, eight patients had complete 
respon.ses, 1 1 patients had partial responses, and the re- 
maining 10 patients had no or minimal responses. The ex- 
pression of the complement inhibilors CD4G, CD5.5, and 
CD59, whether aiisessed alone or in various combinations, 
did nol differ across the three response groups. Moreover, 
rituximab- induced CDC did not differ across the thiee 
groups when assessed in vitro [67]. Thus, the role ofCDC in 
the clinical activity of rituximab, if any. is unclear based on 
available data. 

FirrURK TRliNDS: Ol'TIMIZINt; 

Therapkutic Activity 
Antibody Conjugsites 

Efforts to improve the cytotoxic actions oi' mAbs and con- 
scquenlly their iherapeulic cffeciiveness have focused on 
conjugates with highly toxic substances, including radio- 
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isotopes and cytoloxic agents [6, 68, 69]. These conjugates 
can deliver a toxic load selectively to the tumor site while 
normal tissues are generally spared. In order to minimize 
toxicity, conjugates are usually engineered based on mol- 
ecules with a short serum half-life (thus, the use of nuirine 
sequences, and IgG, or IgG4 isotypes). 

Two radio immunoconjugates, ibrilumomab tiuxetan 
(Zevalin®; Biogen Idee Inc., Cambridge, MA) and tositu- 
momab (Be.xxai"®; GlaxoSniithKlinc, Research Triangle 
Park, NC) were approved in 2002 and 2003. respectively, in 
the U.S. for use in relapsed or refractory non-Hodgkin*s 
iynijihoma |70]. Both agenLs are murine inAbs that target 
lite CD2() antigen on B-celi lymphoma cells (the .same an- 
tigenic target as rituxiniab). IbritiiiiHimab tiuxelan is an 
IgG, antibody that is conjugated lo -'"V. whereas tositu- 
momah is an IgG^ antibody containing '"''] [71]. 

The conjugation of a cytotoxic agent to a mAh is illus- 
trated by genituzumab ozogamicin (Mylotarg®; Wyeiii 
Pharniaceuticals Inc., Philadelphia, PA) which was ap- 
proved in tlie U.S. iti 2000 for treatment of acute myeloge- 
nous leukemia (AML). This humanized IgGj mAb targets 
the CD33 antigen expressed in AML blast cells and con- 
tains a calicheamicin yl derivalive attached via a bi func- 
tional linker {72]. Other conjugates of inAbs with cytotoxic 
toxtn.s are imder clinical evaluation [73]. For example. 
BL22 is a conjugate of an aini-CD22 inAb fragment and 
Pseudomonds exotoxin A, which has shown promising ac- 
tivity in cheinoresistaiu hairy-cell leukemia [74]. Ricin has 
also been succes.s fully conjugated with IgG , backbones tar- 
geted against CD22 fantibody RFB4-deglyco.sylaled licin 
A chain IdgA]) |75] and against CD 19 (antibody 
dgA) [76]. Both of die.sc molecules have clinical activity, 
and a combination is now underdevelopment for the treat- 
ment of pediatric and adiill acute lymphoblastic leukemia 
177]. 

Thus. niAb conjugates are a viable approach to killing 
tumor cells in iieinatological malignancies. However, this 
approach may be more problematic in solid tumors, where 
il may be difllcult to deliver a sufficient amount of cyto- 
toxic agent to achieve meaningful tmnor regression |681. 
Interestingly, ihe elTcci of conjugating a toxin or a radioiso- 
tope on the effector functions (ADCC or CDC) of an Ig 
moiety has not been consistently evaluated. 

Enhancing Antibody Structure 

Several strategies have been u.sed lo alter antibody structure 
in order to increase immune-mediated effector functions. 
The Fc region oi IgG antibodies contains oligo.saccliarides 
that inlluence the onctiiation of the heavy chains, prevent 
interactions between adjacent domains, and allow exposure 
of key sugar residues on the antibody surface [78|. By 
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iTiaintaining the Fc domain in an open conFigursjlion. the 
presence of oligosaccharides — specifically, the N-linkcd 
oligosaccharide at asparigine-297 in the Cn2 domain of 
IgG I — is impoitant for binding to Fc^R as well as C Iq |2, 
4, 79]. Recombinant m A bs are commonly produced in Chi- 
nese hamster ovary cell lines, which generate oligosaccha- 
rides having a high fucose content [2, 80], Through 
glycoengineering, mAbs with low fucose content can be 
produced. A defucosytated IgGi mAb against the chemo- 
kine receptor 4 exhibited greater binding to FcyRIIta, 
greater ADCC using human peripheral blood mononuclear 
cells or NK cells as effectors, greater phagocylic activity by 
monocytes and macrophages, and greater antitumor activ- 
ity in murine models of T-cell leukemia and lymphoma than 
highly fucosylated IgG, mAbs [80. 81], 

Modillcation of amino acids within the C|.i2 doiviain of 
the Fc region is another strategy for enhancing immune- 
inediated effector functions. On high resolution mapping, 
several .imino acids, all of which are located in the C| ,2 do- 
main near the hinge region, were identified as being impor- 
tant in IgG, binding to FcyR [82. 83], Several additional 
amino acids were also imporlanl in IgG, binding lo FcyRlI 
and FC7R.III. By changing these amino acids to alanine, 
varianls with altered binding characteristics to FcyRlT and 
FC7RIII were identified. The binding of IgG, to Fc7RIIIa, 
the main receptor mediating ADCC by NK cells, was 5 1 % 
greater when simultaneous alanine mtitalions were rnade at 
Scr298. Glu333, and Lys334. Notably, this mutant exhib- 
ited greater ADCC mediated by NK cells, with cytotoxicity 
comparable to a I O-fold higher concentration of native IgG ; 
[82). It is hoped that by combining these antibody engineer- 
ing strategies— reduced fncosylation and amino acid sub- 
stitutions—it may be possible to generate mAbs with 
superior IT7R binding characteristics, leading to more ef- 
fective ADCC, which will ultimately tran.slai,e into liigher 
response rates and more durable responses, particularly in 
patients with solid tumors. 

Conclusion 

mAbs represent an import atit advance in the treahnent oi' 
certain heinatologic malignancies and solid tumors. Unlike 
many small molecules, mAbs offer unique target specitlc- 
iiy. The field has evolved rapidly in recent years, and now it 
is much easier to create mAbs against a variety of targets of 
potential relc\'ance to tumor growth and survival. Targets, 
including CD20, HER-2, VEGF, and EGFR. have now 
been validated by Ihc clinical efficacy of mAbs. In the fu- 
ture, the list of viable targets is likely to expand. Two areas 
that may merit more attention are membrane transporters 
and stromal function. Positron emission tomography scans 
detecting seiecli ve uptake of nuvtroglucose by tumor cells are 
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already being used diagnostically. By targeiing specific 
transporters, inAbs may eliminate the ability of tumor cells 
to survive in a nutrient-challenged enviroiimeiii. The 
sli'oma is llie into face between tumor and liosi, and accord- 
ingly, mAbs against stromal (inligens niuy miikc il more re- 
sistanl lo tlie onslaught of Uimor cells. 

A I first glance, the clinical efficacy of niAbs may be at- 
tributed to targei-specinc effects. By binding to their target, 
EiAbs neulralizti an importanl factor or receptor that drives 
cell proliferation and tumor growth. However, the thera- 
peutic activity of mAbs may go beyond these largei-related 
effects. Currently available mAbs are IgG antibodies, and 
consequently, they have the potential to activate immune- 
mediated effector fimcfions, including ADCC and CDC. 
ADCC occtirs when target-bound antibodies mobilize ef- 
fector cells via inieradion of their Fc domain with Fcfi.s on 
the surfuce of immune cells. The interaction between the Ig 
Fc domain and FcRs on immune cells depends on the Fc 
domain (its sequence and glycosylation) and on the FcR 
structure (types and polymorpiiisms). Thus, the binding af- 
finity of IgG for the FcgR mediating ADCC and other ef- 
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Fee tor- mechanisms varies by antibody isotype. and 
antibody-related effects may not be equal for all IgG iso- 
Lypes or for a! I mAbs within a given isotype. The highest 
binding affinity for the various FcgR subclasses is found 
with IgG, and IgG,, and therefore mAbs of these isotypes 
should be most likely to stimulate tmnume-mediaied effec- 
tor functions. Also, the intensity of ADCC is expected to 
llucluate depending on the allelic FcR variants present in 
the host, and preliminary evidence points to an effect of 
those polymorphisms in clinical respon.se to mAbs, Finally, 
by modifying antibody glycosylation patterns or timino acid 
sequence in the Fc domain, it may be possible to further en- 
hance aniibody-related effects, and hopefully, improve 
clinical efficacy of future mAbs. 
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ABSTRACT Immunotherapy of cancer has been explored for over a century, but it is only in the 
last decade that various antibody-based products have been Introduced into the management of 
patients with diverse cancers. At present, this is one of the most active areas of clinical research, with 
eiglit theraiDeutic products already approved in oncology. Antibodies against tumor-associated 
markers have been a part of medical practice in immunohistology and In \^tro immunoassays for 
several decades, have even been used as radioconjugates in diagnostic imaging, and are now 
becoming increasingly recognized as important biological agents for the detection and treatment of 
cancer. Molecular engineering has improved the prospects for such antibody-based therapeutics, 
resulting in different constructs and humanized/human antibodies that can be administered fre- 
quently. Consequently, a renewed interest in the development of antibodies conjugated with radio- 
emerged. We revievu how antibodies and immunoconjugates tiave influenced cancer detection and therapy, 
new developments and challenges for broader applications. {CA Cancer J Clin 2006:56:226-243.) ©American 



INTRODUCTION 



Thf seyvdi for a niechaiiisni to target disc<ises sclectiveiy w;is fust realized when resistuiiicc to infectious disease 
could be tnuLsforred 6xini one iininial to anotlicr- thrmiyh their serum, n process known as. passive serochei-apy. Five 
year:s later, in 1895, H{;ricouit and Ricliet iniinunizcd dogs with .i liunun sarcoma <)nd then transferred the serum 
to patients." Tliis anticipated die "matac hullei" concept of Paul Ehrlich in \90H, that "'to-xins" could be targeted to 
cancer and odicr diseases.'* Anodier half-ccntuiy passed before antibodies were idcntiticd a.s the .substance ivi sernni 
responsible for riiesc cftccts. 

I')c5pite being potent immune system instigators tor killing infectious agents, clinical research initially tbcuscd on 
immunoconjugates prepared with radionuclides, driii^s, orioxins, since unconjugated or ''naked" antibodiei; had little 
therapeutic benefit in oiicolog\- coinpaied with the iinnuinoconjugates. Early immunotherapy trials tailed to show 
substantial responses,''"'' but antibodies against cai-cinoenibn onic antigen (CEA) could selectively target and disclose 
sites of CEA-e.-cpressing cancei:s in patients, and also deliver cytotoxic radioactivity^ in human colonic cancer 
xenografts having CEA."^'" Thereafter, DeNardo, ct al." reported responses in lymphoma patients to radiolabeled 
antibodies, and soon others confirmed that radiolabeled antibodies had andtumor activity in non-Hodgkm lym- 
phoma (NHL), but there was also early evidence that the naked antibodies themselves might be effective."' It was 
dur ing this same period that rituxinwb (Rituxan. Cenentech, and biogen idee), an anti-CD20 IgG, became ot interest 
as a therapeutic tor NHL without being radiolabeled.'-' The experience and subsequent intmducdon of rituximab 
into the treatiiieiit of NHL cm be credited for the expanded interest in unconjugated antibodies for cancer diei apy. 
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Antibodies (eg, igG, whicli is the inosc com- 
monly used immunoglobulin form. Figure 1) 
are unique proteins with dual hinctionality. 
All naturally occurring antibodies are multi- 
valent, witli IgG having two binding 'arms.' 
Antigen-binding specificity is encoded by 
three iMnptcnimtatity-dctem lining te^^ions (CDR?), 
while the Fc-ycoion is responsible tor binding to 
serum proteins (eg, complement) or ceils. An 
;intibody it sell" us it ally is not responsible for 
killing target cells, htjt instead marks die cells 
that other components or effector cells of the 
body's immiuic system should attack, or it can 
initiate signaling mcrhaiiisnis in the targeted 
cell tliat leads to the cell's self-destruction {Fig- 
ure 2). The former two attack mechanisms are 
referred to as antibody-dependent coiuplctumt- 
nicdkitcd cyioioxidiy (CMC) and antibody- 
ikpcmiau cctluldr cylotoxicUy (AL3CC:). A1.)CC 
involves the recognition of die antibody by 
immune cells that engage the aiuibody-marked 
cells and either through their direct action, or 
through the recruitment of other cell t^'pes, 
lead to the tagged-cell's death. CMC is a pro- 
cess where a cascade of difterent complement 
proteins become activated, usually when sev- 
eral IgGs are in close proximity to each other, 
either with one direct outcome being cell lysi-s, 
or one indirect outcome being attracting other 
innnune cells to this location for effector cell 
function. 

Andbodies. when bound to key .fubstances 
foiitid on the ceJl surface, also can induce cells 
to undergo pn\^fiWmc.ci cell davh, or opoptosis 
(Figure 2). For example, if rituximab binds to 
two CD2() molecules, this triggei-s signals in- 
side the cell that can induce apoptosis.' ' If 
rituximab is cross-lmked by other antiantibod- 
ies, the apoptoric signal is intensified.'"'' This 
cross-linking could also occur when the anti- 
body is bound by another immune cell through 
its Fc-gannna receptors (FC7R). Other anti- 
bodies, such as trastuzumab (antt-HER2//ic'H; 
Hevceptm, Genentech) and cetuximab (anti- 
epidermal growth tactor receptor, EGFR; £i- 
bitnx, IinClone Systems and Bristol-Myers 
Squibb) also have the abihty to hiliibit cell 
proliferation. Because cells ficqumtly 

have alternative pathways for critical functions, 
interrupting a single signaling pathway alone 



might not be sufficient to ensure cell death. 
From this perspective, it is not suiprising that 
antibodies are often best used in combination 
with chemodierapy and radiation therapy to 
augment their antitumor efFects.'"""' 

Bcvacizumab (Avastin, Genentech) is yet 
another example of how antibodies can be 
used therapeutically. This antibody binds to 
vascular endothelial growth factor (VEGF) 
that is made by tumor cells to promote vessel 
fonn;ition, thereby preventing it from inter- 
acting with endothelial cells to form new 
blood vessels (Figure 2)."" Antibodies can 
also be used to modulate immune response. 
Antibodies to the cytotoxic T-lymphocyte 
associated antigen-4 (CTLA-4) stimidate 
T-cell imnuuie responses by blocking die 
inhibitory effects of CTLA-4, which can en- 
hance tumor rejection,"'' However, release of 
this innate inhibitory mechanism can also 
increase the risk of autoimmunity.'^'' Two 
human ann-CTLA-4 antibodies are currently 
in early clinical trials (MDX-010, Medarex. 
and CJ'*-675,2U6, Pfizer), with evidence that 
they may liave activity in melanoma."'' There are 
already a number of antibodies used or be- 
ing studied as therapeutic agents in cancer as 
well as autoimmune diseases (eg. alemtuzumab, 
daclizumab, infliximab, rituximab, epratu- 
zuni:ib).-^"'*' Antibodies also can block molecules 
associated widi cell adhesion, diereby inhibiting 
tumor mefcistasjs Widi .such diverse mecha- 
nisms of action, there are a number of opportu- 
nities for building antibody-based therapeutics. 

Antibodies naturally have long serum half- 
lives. For immunotherapy, this propert)' is 
helpful because the antibody is m;nntained in 
the body fluids, where it can continually inter- 
act with its target. For other t;irgeting strategies, 
most notably with radioconjugptcs, it can be 
harmful because the highly radiosensitive bone 
nian-o\v is contuiually exposed to radiation, 
resulting in dose-limiting myelosuppression. 
The large size of an antibody impacts its ability 
to move through a tumor mass, A high inter- 
stitial pressure inhibits the diffiision of larger 
molecules within the tumor,^' Migration 
within the tumor is ;ilso inhibited by a binding- 
site barrier, a process where the antibody as it is 
leaving the tumor s blood vessels binds to the 
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FIGURE 1 Schematic representation of an IgG molecule, Its chemically produced fragments, and several recombinant 
antibody fragments with their nominal molecular weights. At the bottom, a schematic representation of the process in- 
volved in engineering murine MAbs to reduce their immunogenlcity is provided. A chimeric antibody splices the VL and 
VH portions of the murine IgG to a tiuman IgG. A humanized antibody splices only the CDR portions from the munne 
MAb, along with some of the adjacent "framework" regions to help maintain the conformational structure of the CDRs. A 
fully human IgG can be isolated from speclaiized transgenic mice bred to produce human IgG after immunizing wrth tu- 
mor antigen or by a specialized phage display method. 
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FIGURE 2 Mechanisms of action associated with unconjugated antibodies. In this example, the antigen is sliown to be 
floating in lipid rafts within the tumor ceil membrane. (A) AnUbodies can activate apoptotic signals by cross-Iini<lng anti- 
gen, particularly across different lipid rafts. Additional cross-linking of antibody by immune cells can also enhance cellu- 
lar signaling. (B) Immune cells themselves can attack the anlibody-coaled cell (eg, phagocytosis), and/or they can 
liberate additional factors, such as cytokines that attract other cytotoxic cells. (C) If antibodies are positioned closely to- 
gether, they can initiate the complement cascade that can disrupt the membrane, but some of the complement compo- 
nents also are chemo-attractants for immune effector cells and stimulate blood flow. (D) Tumors also can produce 
angiogenic factors that initiate neovascularization. Antibodies can neutralize these substances by binding to them, or 
they can bind directly to unique antigens presented in the new blood vessels, where they could exert similar activities. 



first rivrLilablc antigen, concentvatiiig the anti- 
body in the periv;iscubr spacc.'^^"' High-affinity 
antibodies arc less likely to migrate into the 
tiimor bed.'"' Administering higher doses otihc 
antibody can ixdnce die effect of die binding 
site barrier and allow the antibody to diBiise 
more deeply into the tumor bed."*' For cyto- 
toxic ngcnts that must be intetiialized to kill die 
cell (eg, toxins, cytoto.Kic drugs), the ability to 
distribute thtoughout the tumor is important. 
Radioconjugatcs are less affected by this be- 
cause some radioactive particles can traverse as 
much as 1.0 cm from where they are deposited 
(bystander or crossfire fifect). 



THERAPY WITH UNCONJUGATED ANTIBODIES 

A renewed interest in the effects of tin- 
coiijii gated antibodies in cancer began in the 
early 19S0s, after murine monoclonal a]Ui- 
bodies (MAhs) became available. '^'^ Thes;e 
initial trials were perfomied in hematological 
malignancies, as well as in colorectal cancer 
and melanoma. As with many imio- 



Yvicivc treatment approaches that ate some- 
times introdticed before the technology has 
matured snfficiendy to extract maxiiTunn 
benefit, only occasional clinical respon.scs 
were observed. With insufficient efTjoacy and 
the immunogcnicity of the foreign murine 
MAb, most of these studies were terminated. 
Fortunately, some investigators persevered. 
An excellent lesson on the tribulations of the 
development of an andbody product be- 
twecir an academic group and indiistr>^ is that 
of alenituzumab (Canipath, Beriex, and Gen- 
zyme).''' Alemtuzumab (anti-CD52) had one 
of the earliest and protracted developments 
of an antibody ultimately commerciahzed. It 
took over 20 years from the development of 
the first rat jninmnoglobulin against CD52, 
changing the immunoglobulin type, and fi- 
nally developing a humanized, recombinant 
form, and ijivolved several commercial firms 
during tliis time. Chenioihcrapy-rcfractive 
chronic lymphocytic leukemia was the indi- 
cation finally appiroved in 2001. 

Due in part to the contributions made by die 
groups led by iVlorrison (Columbia and Stan- 
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ford Universities) and Winter (Cambridge). 
MAbs now arc engineered to remove a signif- 
icant portion of tlie muriiie component of the 
IgG, SLihstimting hiumn IgG couiponeiits be- 
fore entering clinical studies."*'"'" Chimeric 
antibodies essentially splice V, and V, , regions 
oi) the murine antibody to the human IgG, 
making a molecule that is 75% human and 25% 
murine IgG. whereas a humanized antibody 
grafts the CDR regions from a murine MAb, 
along with some of the siinounding "fi-anic- 
work" regions to maintain CDiV conforma- 
tion, onto a human IgG, csseuli.iUy makinti a 
molecule with 5% of its seciiieiice rroni the 
parental MAb (Figure 1.).''' More recent .id- 
van ccs have made available, either by genetic 
or phage-display methods, the development of 
fully human MAbs that have now entered clin- 
ical trials."'' Such engineered MAbs are postu- 
lated to greatly reduce the immunogeiiicity of 
antibodies, allowing multiple injections to be 
given, and the human Fc enhances the inter- 
action with other imnnine system elements. 

Rituximab is perhaps the most prominent 
example of a highly successful paradigm of an- 
tibody therapy. As a chimeric antibody, not 
only did it have reduced inimunogenicity, but 
its effector finicrion (associated with the Fc- 
portion) was improved. For example, when 
testing ADCC activity" against follicular l)-ni- 
phoma isolated from 43 patients, Wcng, et al. 
reported that only ntu.ximab, not its parent 
iuurhie anti-CD2(; IgG (2L3R), liad activity in 
vitro, ''' Ritnximab was initially approved as a 
single agent therapy for rel.ipscd or refractoiy 
iow-giMdc, follicular B-cell NHL, having an 
overall response rate of 48% (10% were com- 
plete responses, CR) with a median duration of 
1 1,8 months.^^'''" Since CD20 is not expressed 
on precursors B-cells, rituximab induces a de- 
pletion of only mature B-cel!s. Rituxiniab's 
major side effects, which are thought to be 
associated with the activation of complement 
pathways, occur during or shortly after its in- 
fusion. Other less common side effects include 
symptoms associated with tumor lysis syn- 
drome, severe nuicota neons reactions, renal 
toxicity, cardiac arrhythmias, hypersensitivity 
reactions, and reactivation of hepatitis li (pri- 



marily when used in. combination with chemo- 
therapy)."'^ 

Rituxiiriab's activit)^- is unique among cancer 
treatments because 40% of the, patients re- 
treated with rituximab could again respond 
with a similar duration.^" Extentiing the dura- 
don of rituximab therapy can improve the re- 
sponse rate, particularly the number of 
complete responses, and its duration. However, 
whether given as a maintenance regimen or 
retreating at the first sign of progression, the 
rime to chemotherapy was the .same.""*' With 
both approaches having equal benefit, retreat- 
ment is generally fivorcd because of the higher 
expense of a maintenance regimen. ]!.)espite the 
success of rituximab as a monotherapy, diere 
arc still a number of parients who do not re- 
spond to the initial treatment, and over rime, 
many of diosc who do will relapse, in an at- 
tempt to improve outcome, rituximab has been 
combined with chemotherapy regimens, in- 
cluding CHOP, CVP. and MCP, as front-line 
treatments, with very promising results in not 
only tblliculai: ,13-cell lymphomas, but also in 
diffuse large B-cell lymphomas. Indeed, 
trials examining front-line combinarions <Df rit- 
uximab and chemotherapy have already dem- 
onstrated hnprovements in response mtes, time 
to progression, and event-free survival, and 
while the overall i-esponse rates arc promising 
based on cun-ent 2- to 3-yc'ar follow-up data, 
more time will be required to fully appre- 
ciate its impact. Ei'en in chronic lymphocytic 
leukemia (CLL), where initial testin.g of litux- 
imab was disappointing, dose intensifica- 
tion and combinarions with chemotherapy 
have provided significant improvements in 
response.-'"'-"'' Early clinical studies couihining 
rituximab with a humanized anti-CD22, 
epratuzumab ([nmmnomedics, Inc.) suggested 
the potential for additional benefit, pamculariy 
in padents with diffuse large B-cell lympho- 
mas. ^^'-^^ Studies have also assessed the possible 
role of an anti-CDSO MAb (gahxiniab. biogen 
idee) as a monotlierapy in NH.L.-'''^""'" and clin- 
ical trials are in progress tesring its combinarion 
widi rituximab. 

Considerable attention has been devoted to 
understanding the mechanism of acrion of rit- 
uximab. parricularly why some B-ccll lyniplio- 
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mas are affected and why not all patients with 
follicular lymphomas respond. As mentioned 
earlier, ritiiximab has been shown to have 
CMC, ADCC, and apoptotic activity, with the 
fonncr two mechanisms believed to have the 
greatest hnpact, although there are conflicting 
views of which of these two pathways contrib- 
utes the most to the response. '*'"*^'""^* Studies in 
transgenic and other mouse models have snp- 
poited the impomtice of the Fc -receptor- 
mediated mechanism of action for 
ritnximab/'"''-^'*^ These efFoits have contrihnted 
in part to a better understanding of the role of 
vai ious Fc receptors found on a variety of im- 
mune effector cells (eg, 0-cclls. neutrophils, 
natural killer cells, and monocytes) on (in the 
case of rituxiniab) the clearance of U-cells, as 
well as the plasiiia half-life of antibodies/''^ Not 
only do the various Fc-rcceptors influence 
binding, but the absence of certain carbohy- 
drates on the Fc portion of the IgG can affect 
both Ai^CC and CMC activities. '"'^^ Cartron. 
et al. found that the expression of the homozy- 
gous Fc-gaminii Rllla receptor (CD 1 6) 158V 
genotype conelated with a liigher response rate 
to rititximab, but it did not have air impact on 
the progression-free survival/" Weng, et al. 
found a .similar correlation and also noted that 
the homozygous expi-ession of the Fc-ganuna 
RHa histidine/histidine genotype correlated 
independently with a higher response i-acc, par- 
ticularly when assessing the response status 
months from treatment.''^ By unraveling the 
inolecular basis for antibody cytotoxicity, not 
only can more effective antibodies be designed, 
but it could lead to a niore rational approach 
for combinations to enhance activity, such as 
the finding that G-CSF up-regulatcs Ci:»64 
(Fc-gamma receptor E). which can enhance die 
binding of neutrophils and monocytes to 
B~cells coated with ritu.-^nnab. IL-12 has a 
similar stinudatorv- effect in mouse models and 
more recendy has been apphed clinically widi 
promising results."'"''' These discoveries arc 
also having an impact on the development of 
antibodies for treating other cancers. 

Tlie approved antibodies listed in Tabic 1 in- 
dicate that imniunothcmpy is not restricted to 
hematological malignancies, but includes divemc 
target antigens and receptoi-s having different 



biological functions, Trastuzumab is an anti- 
HER2/(a'if antibody that has had a major impact 
on the therapy of breast cancer and is used alone 
and in combinadon with drugs.** HER2/(3e)i 
is overexpresscd on a propoition of breast and 
otiier canccR, and trastuzumab binds with an 
extracellular epitope of diis t;irget molecule. 
About 15% of women whose tumois overexpress 
HER2///ti( respond to trastuzumab, but ics effi- 
cacy is dearly best when used in combination 
widi chemotherapy, wliei^ a 25% increase in the 
median sun-ival {to 29 months) has been report- 
ed.**' Further, the addirion of this antibody to 
adjuvant diemotherapy for brca.st cancer ]ia.s im- 
proved .sun'ival markedly.^^ Since only a portion 
of breast cancer patients over-express HE\\2/ncii 
and respond to tj-astuzumab, selection of suitable 
paticnis is ijnpoitant. New data are emerging that 
suggest ti-astuzumab treatment after adjuvant che- 
modiei-apy can have a significant benefit corn- 
pared with obseivadon, parriculady in reducing 
the rate of dist:int recurrence.*^" 

As a member of a family ofreccptor tyrosine 
kinases, the binding of HER2 by trastuzumab 
can intemipt intracellular signaling and affect 
tumor cell growth. Izumi, et al. showed tliat 
trastuzumab also has antiangiogenic proper- 
ries.'^'* While this may be an important under- 
lying mechanism of action, other evidence 
suggests that trastuzumab's activity is princi- 
pally governed by ADCC.'"^" However, trastu- 
zumab combined with chemotherapy improves 
response rates, despite the inmiunosuppressive 
activity' of the chemotherapy, and trastuzum- 
ab's activit\' is enhanced when combined vvidi 
other, n on antibody. Erb inhibitors, such as ge- 
firinib and erlotinib, ail of which suggest that its 
ability to interfere with, signaling is impor- 
tant."^' Since HER2 is a member of a family of 
growth factoni known as the neurogulins,'' 
heregulin and is expressed in multiple neuronal 
and non-neuronai tissues in embiyos and adult 
animals, including the heart, it is not surprising 
that cardiomyopathy iias been associated with 
trastuzumab, particularly when combuied with 
paclitaxel and anthracyclines." """ 

EC;FR Is also overe.-cpressed in many solid 
cancci-s, and when bound by its lig;ind, cell 
giowdi is stimulated. However, when engaged 
by an EGFR-specific anribody, receptor phos- 
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TABLE 1 FDA-approved Antibodies for the Parenterai Use in Detection and Treatment of Cancer 



Generic Name 


Trade name 


Agent/Target 


Cancer Indication 


Approval 


Unconjugated 










Rituximab 


Rituxan 


Chimeric a(iti-CD20lgG, 


B-cell lymphoma 


1997 


TrastLzumab 


Herceplin 


Humanized 3!ili-HER2!gG, 


Breast 


1998 


Alemtuzumab 


CainpatWH 


Humanized anli-CD5Z 


CLLt 


2001 


Cetuximab 


Erbitux 


Chimeric anli-EGFR 


Colorectal 


2004 


Bevacizutnab 


Avastin 


Chimeric ami-VEGF 


Head/neck 
Colorectal 


200^ 


Radioconjugates 










Satumomab pendetide 


OticoScinl' 


' '^In-murine antHA6-72 IgG 


Colorectal, ovarian 


1992 


NDfetumomab merpentan 


Veduma* 


^"•Tc-murineanti-EGP-IFab' 


SCLCt 


1996 


Ardtuniomab 


CEA-Scan* 


^^"Tc-murine anti-CEA Fab' 


Colorectal 


1996 


Capromab pendetide 


ProstaScirt 


"'In-murineanli-PSMA 


Prostate 


1996 


Ibriitimomab fiuxetan 


Zevalin 


■'*ir-mufineantl-CD20 IgG + rituximab 


B-cell lymphoma 


2002 


Tosilumomab 


Bexxar 


^^^l-murineanti-CD2DlgG + unlabeled tositumomab 


B-cell lymphoma 


2003 


Drug conjugates 






Gemtuzumati ozogamicin 


Mylotarg 


Humanized arti-CD33 IgG, conjugated to ooiicheamicin 


AML§ 


2000 



''No longer commerdalty available. 
tCLL = chronic lymphocytic teuksmia. 
$3CLC = small cell lung cancer. 
§AML = acute myelogenous ieu!<emia. 



phon-'iacion is decreased ;iiid cell gi-owth is inhib- 
ited. The chimeoc antibody agaiiiKt EGFR, 
cetuxiuKib, also has an effect on neovasculariza- 
tion.'""" Cetuxiniab works best in conibinimon 
with clieincitherapy in colorcccJ. cancer, for 
which it was initially approved, and with cstcnial 
irradiation, in head and neck cancers, which was 
recently FDA-apprav^>d." '^-^ Ueside the usual 
risks associated with antibody infusions, cetux- 
iniab causes an .ncnofonn rash and other skin 
reactions in most patients, with 10% of these 
being severe. There is evidence suggesting that 
the intensity of the skin nish is associated with its 
antitunior icsponsc and e\'cn suvvival.'""^ Other 
EGFR antibodies, paitieularly humanized and 
fully human fonns, also are in development, as 
indicated in Tabic 2, and may in Cict bo better 
tolerated and sliow evidence of activity without 
being combined with cytotoxic chemotherapy, 
which is cuiTently being evaluated in Phase III 
trials. It is too early to speculate whether they 
will, in tact, provide any thcitipeutic advantages 
over cetLiximab. 

lievacizumab targets and blocks vascular en- 
dothelial growth hictor (VEGF) and VEGF's 
binding to its receptor on the vascular endo- 
thelium. Since VEGF is released by many 
cancers to stimulate proliferation of new blood 
vessels, the combination of bcvacizuniab and 
chemotherapy was found to increase objective 



responses, median time to progre-ssion, and sur- 
vival in patients with metastadc colorectal 
cancer, compared with chemotherapy alone, 
but earlier preclinical studies indicated that 
anti-VECF antibodies were active alone, as 
well as in combination with mdiadon.^' ''^''^'^ It 
is currently being studied dinically in renal cell, 
breiist, and lung cancers, as well as in a lumiber 
of other nonhenia to logical and hematological 
malignancies."'"''"' As might be e.vpccted, bev- 
acizumab may cause gastrointestinal perfora- 
tions and delayed woujid healing, as well as 
hemorrhagic events (primarily seen in small cell 
lung cancer trials, where bcvacizumab is not 
approved). Arterial thromboembolic events 
(eg, cerebral infarcrion, transient ischemic at- 
tacks, myocardial infarction, angina) and pro- 
leimirea also have been reported. 



MMUNOCONJUGATES 



Antibodies also function as earners of c\1;o- 
toxic substances, such as radioisotopes, drui^, and 
to.xins (Figure 3). In NHL, anti-C>D2() i-adiocon- 
jugatcs have superior antitumor acrivit\' com- 
pared with their unconjugated antibody coun- 
teiparts, but tiiere is increased, albeit manageable, 
hematological toxicity.""*'"" Those findings are 
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TABLE 2 Selected Unconjugated Antibody Therapeutics in Advanced Clinical Testing 



Generic Name 


AqenUTarciet 


Cancer 


ApolizDttiab 


Human anti-HLA-DR 


CLL'. SLL" 


Chimeric 14.18 


Chimeric anli-ganglioside {GD2) 


Ivjeurablastoma 


Epraluzjmati 


Humanized 3n)i-CD22 




Galiximab 


Humanized anti-C08D 


Sl§ 


HjMa>;-CD4 


Fully human anii-CD4 


CTCLt 


Lumiliximab 


Humanized 3riti-CD23(Fc-epsilon Rll) 


CLL' 


MDX-010 


Anti-CTLA4 


Melanoma 


MatJzumab 


Humanized anli-EGFR 


CRCt 


Orgegovomab 


Murine anti-CA-125 


Ovarian 


Paritumumab 


Human anti-EGFR 


NSCLCi CRCt renal 


Peritizumab 


Humanized anli-HER-2 


B/east, prostate, ovarian 


Rencarex 


Chimertc anti-G250 


Kidney 


Vitaxin 


Humanized anti-o(vp3 integrin 


Melanoma, prostate 



*CLL = chronic lympiiocytic ieu!<emia, 
tCRC = coiorectai cancer. 
iCTCL = cutaneous T-cell lymphoma. 
§NHL = non-Hodglcin iymphoma. 
liNSCLC = non-smail cell iung cancer. 
*'SLL — small lymptiocytic lympiiomas. 





FIGURE 3 immunoconjugates are formed primarily by chemical reactions. Radioconjugates can be formed by coupling 
radioiodine to tyrosine residues, or by binding chelates to lysine residues, which are then used to bind a variety of radio- 
metals, such as ^°Y. Cysteine residues are also useful for coupling radionuclides, particularly '^""Tc and rhenium, but 
cysteine is also used for conjugation of drugs and toxins, which can also be coupled to lysine residues. In addJtion. the 
carbohydrates found on IgG can be modified to allow the coupling of chelates or dmgs. Drugs have also been coupled 
to an intermediate carrier that allows for a higher number of drugs to be bound to the antibody. Toxin conjugates usually 
need to be modified to remove their innate cell binding properties, with the biologically active portion then coupled to the 
antibody or used as a portion of a recombinant fusion protein. 
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strong incentives to continue the pursuit of im- 
niunoco!ijugati:s for cancer tlicrapy. 

Radionuclides 

Radiolabeled antibodies were the first group 
of"immunoconjng;itcs to be examined. Ta- 
bic 3 lists some of the more coiJunoiily used 
radionuclides conjugated to avicibodics for 
cancer treatment. BecaLise the radioactivity can 
be detected easily by extcrn;il scintigraphy, it is 
also noteworthy to mention the additional ap- 
plication of radiolabeled antibodies for imag- 
ing. The demonstration of cancer tart^ethig 
with a radiolabeled antibody fragment to CEA 
resulted in the dovelopmeiic of radiolabeled 
antibodies for cancer imaging.^ Since then. 
■"'''"Tc- and ' "in-radioconjugates have been 
conmumly used for this apphcation, but with 
the advent of positron-emission tomography 
(PET), investigators are now beginning to take 
advantage of this technologically superior im- 
aging system by radiolabcling tumor-associjted 
antibodies widt positron-eaiittCB. 

Whereas external beam radiation delivers a 
focused beam of high dose rate radiation for 
short bursts tliat are divided over several weeks 
and is designed to treat local disease, mdioint- 
nmioihcrapy (RAIT) is typically given as an 
intravenous injecdon, thereby allowing radio- 
activity to be delivered to tumors throughout 
the body. Tumor uptake of a radiolabeled IgG 
occu!:s gradually, taking 1 to 2 days before peak 
uptake occurs. Peak uptake h t%^pically <().()PKi 
of the total injected dose per giani tumor, but 
the radioactivity^ deposited in the tumor can be 
detected several weeks later.'"" liecausc of its 
kinetics, the radiation-absorbed dose delivered 
by RAIT occins at a jnuch lower dose rate than 
external beam irradiation, but is continually 
present for a period of time defined by the 
physical half-hfe of dic radionudidc and t!ic 
biologicLil half-hfe of the antibody residing in 
the tumor. This continuous, low dose rate ra- 
diation e.xposure can be as effective as intermit- 
tent, high dose rate radiation.""'""" 

When it comes to choices of radionuclides for 
therapy, tumor size is the primars" consideration. 
Mediuni-cnergv' beta-cmittet^, such as '"l (0.5 
iVIeV) and ' '~Lu (0.8 Me\0. can tmvei-se 1.0 mm. 



while higli-eneigy beta-eniitrers, such, as Y or 
'""Re (2.1 MeV), can penetrate up to 1.1 nmi, 
making it po.ssible for beta-emitters to kill across 
several hundred cells, refcn-cd to earlier a.s a 
suwdcr or crossfire effect. ' ' ' This is considered a 
significant attribute for radioconjugates compared 
with other immuno conjugates, .since they can be 
therapeutically active even if heterogeneous anti- 
gen expression, tumor architecture, or other Ac- 
tors impede targeting of every cell. Although 
higher enei:g>' beta-emitters have die potential of 
killing cells across a longer path-length, the ab- 
sorbed fraction is higher for the lower energ\' 
bcla-emicten (ie, probability' of hitting the nu- 
clear DNA), jnaking them efficient killei-s. Alpha- 
emittei-s, such as "^■'Bi and ""At, titi verse only a 
few cell diameters, but an alpha particle is also a 
lar more efficient (energetic) kiUer than even a 
lovv-energ\' beta particle, requiring fewer "liits" 
to damage cellular processes." ' Lovv-energ\' 
electrons, such as are produced by Auger eniitceirs 
('"""I, ''''Ga, or "'in, for exampit;) have to be in 
dose contact, preferably inside a cell or in the 
nucleus, to exert a cytotoxic cfFeet. As one might 
e.>q3ect, beta-emittera are most likely best applied 
in situations where the tumors arc aO.5 cm in 
diameter; othei-wise a substantia! poitiori of the 
energy from tire radioactive decay will be ab- 
Sfirbed in the surrounding nonnal tissue. The 
alpha and low-energy elecn-on emitters are best 
applied when tlie disease burden is smaller, more 
localized, or where there may he single or small 
dusters of cells (eg, leukemia, malignant as- 
cites)."^- "^' 

The primary concern for using radionuclide- 
Libeled IgG is that it remains in the blood for an 
extended period of time, wliich continually exposes 
the liiglily .sensitive red nianT>w to radiarioji, i-esuk- 
ing in dose-limiting myekmuppraision. Sm:ilier 
fomis of the antibodies, such as a F(ab')-, or Fab", and 
morc recently, molcculaily cngineercti antibody 
subfragments (Figure 1) vAtli more tavoi'able phar- 
macokinetic properties, are removed more rapidly 
from the blood, thereby improving ainroi'/blood 
mtios."'' There have been reports of iniproved 
therapeutic responses using smaller-sized antibodies, 
but these snnller entities fi-equently are cleared firom 
die blood by renal filtnirion, and as a result, many 
radionuclides (eg radiometals) become trapped in a 
higher concLiiti-ation in the kidneys than in the 
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TABLE 3 Physical Properties of Several Examples of Radionuclides Used for Radioconjugate Therapy 



Radionuciide 


Emission 


Half-life 


Range"^ 


Approximate # Cell Diameters* 


"HotSine 


P 


8.0 d 


0.08-2.3 mm 


1010 230 


'Yttrium 


H 


64,1 h 


4.0-11.3 mm 


400 to 11 00 






6,7 d 


0.04-1 .8 mm 


4 to ISO 


'^'Rhenium 


iS 


17.0 h 


1.9-10.4 mm 


20010 1000 


"Copper 
'"Astatine 


f" 


61.9 6 


0.05-2.1 mm 


5 to 210 




7.2 h 


60)xm 


6 


^"Bismuth 




46 min 




8 




Auger 


60.5 d 


<100 nm 


(1) 


'"Irdiim 


Auger 


3.0 d 


<100nm 


(1) 



^Assuming a tumor cell Is 10 itsn In diameter. 



aiuior.'^'^' As a coascqucnce of their more rapid 
Lilood clearance, the fiTicrion of the injected activit\- 
delivered to the tumor k lower with an antibody 
feignient than with an IgG. 

Multistcp imtaraeiins methods, such as those 
using bispeciiic antibodies, represent ti promis- 
ing method for imaging and tlierapy (Figure 
4).'" In this strategy, the bispccitlc antihody 
has one arm that binds to the tmnor antigen 
while the second binds to a hapten that is 
typically incorporated in a small peptide that 
can be radiolabeled. The unlabeled bispecific 
antibody is first given time to circulate and bind 
to the tuinor, and once it lias cleared from the 
blood, die radiolabeled peptide is given. The 
small sized radiolabeled peptide escapes from 
the vasculature very rapidly, where it can bind 
CO the other arm of the bispecific antibody on 
the tumor. Within minutes, dre rest of the 
pepride clears from the blood, leaving behind 
only the peptide that localizes to tiie bispecific 
antibt>dy bound to die tumor. This method has 
been .shown in preclinical testing to improve 
tutnor/blood ratios by as imich as +0-fciId. with 
tumor uptake increased by as much as J 0-fold 
compared with a directly-radiolabded anti- 
body fragment."*^ This same method can in- 
crease the total radiation dose to tumors by 
1,5-fold and increase the dose rate by 3-tbld, 
resulting in improved antitumor responses,"''' 
Advances in molecular engineering have 
greatly enhanced the abilit\' to provide uniform 
and highly novel prctargeting agents,'"" '"' 
Other prctargeting approaches have been stud- 
ied, each showing improved tumor/blood ra- 
tios, as well as improving therapy when 
compared with dircctly-radiolahcled anribod- 



ies."^ Dosimetry data from a pilot clinical 
study with '^'V-biotiii pretargcted by a new 
recombinant streptavidin-anti-TAG-72 iinti- 
body are promising, and in other indications, 
such as niedullaiy thyroid cancer and glioma, 
encouraging therapeutic resiilti using prctarget- 
ing methods have been reported.'"""'"'* 

Two anti-CD20 igG-radioconjugates are 
currently FDA-approved for the treatment of 
indolent and transformed forms of NHL, 
'"'Y-ibritujnomab tiuxetan (Zevalin, biogen 
idee) and '^'l-tositumomab (Glaxo .SmithK- 
iine).'"' Both of these treaanents improve 
the objective response rate coiiiparcd with 
the unlabeled anti-CD20 antibody used to 
deliver the radionuclide.""*"^^ Initially, 
there was some concern that while objective 
response rates were significantly improved, 
the pivotal trial performed with '^'V-ibrirum- 
omab tiuxetan did not show a statistical im- 
provement in the duration of the response 
compared with its unlabeled antibody (ie. 
ritu.xiniab). However, continued follow up 
has shown the complete responses have been 
more durable.'"'''-'-' Durable responses have 
also been reported with I-tositumomab, 
and importantly, there is evidence that when 
used as a front-hne therapy, it is better tol- 
erated and may improve responses^comparcd 
with standard chemotherapy,'"''''"'^ Clinical 
.studies are also beginning to evaluate the use 
of ""Y- ibritumomab tiuxetan as a front-line 
treatment and arc showing these treatnienis 
do not preclude patients from receiving ad- 
ditional cytotoxic therapies. Although 
more randomized clinical trials (RCT) and 
long-term follow up to assess the risk for late 
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FIGURE 4 Example of a pretargeting approach using a bsWlAb that has one arm capable of bincfing to a tumor antigen 
and the other arm specific for a hapten. The bsMAb is aliowed to localize the tumor and ciear from the blood before a 
radiolabeled hapten-peptide is given. The radiolabeled hapten-peptide clears from the blooci very quicltly, leaving behind 
only the material bound to the tumor. Two hapten-binding sites on the peptide help stabilize the radiolabeled hapten- 
peptide lo the tumor. 



toxicities (eg, myelodysplasia) are needed, it 
is impressive that a single treatment widi a 
radiolabeled antibody with fewer side effet :ts 
than the chemotherapy that is given over 
several months can provide such a significant 
benefit.'"^"'' New efforts are tinderway to ex- 
plore the Lise of these agents in other clinical 
indications, and new radioconjn gates arc be- 
ing examined in lymphoma and leuke- 
mia.' 

The appHcation of RAIT to other tumors is 
considerably more challenging. The higher ra- 
dioresistance of solid tumors most certainly is 
the primaiy reason why RAIT has not been as 
successful for these tumors, since die targeting 
of a variet\j of solid tumors is as good, if not 
better, than that scon in lymphoma. Despite 
etforts to increase the administered radiation 
dose by Losing bone marrow or peripheral stem 
cell support, and even by combining Irigh-dose 
radioi m nui iiotherapy with ch emo th erapy , 
clinically signiftcanl antitumor responses in 
soHd tumors remain ekisivc."* A I'hase lit trial 
in lung cancer has indicated some success in 
advanced disease, but for the most part, as first 
emphasized in animal model testing, RAIT is 
more, likely to succeed when the disease burden 
is minimal or when used as an adjuvant treat- 
ment.'"'''"'" Early clinical studies appear to 
corroborate these preclinical fuidings, at least in 
colorectal cancer, where RAIT post salvage 



resection of colorectal liver metastases indicated 
a doubling of the survival time compared with 
historical or contciriporaneoiis controls.''''^ Ad- 
ditionally, clinical studies are applying radiola- 
beled antibodies for intraconipartniental 
treatments, such a.s intracranial and intraperito- 
neal thcrapie.s, where it may be possible to 
increase the accessibility and amount of anci- 
hody targeted to tumors in these regioiial a]-- 
eus.''''^^^''" Prechnical saidies have shown that 
nonthcrapeudc doses of chemotherapy can en- 
hance the effects of RAIT, while other studies 
have shown that relatively small doses of radio- 
labeled antibodies can enhance die therapeutic 
activity ot" a standard chemotherapy regi- 
men.''"^"'''' The reduced hematological toxic- 
ity associated witii pretargetijig approaches 
should allow radioconjtigates to be combined 
more readily with cytotoxic drugs.'"""'""' In 
addition, combinations with unconjug-ated an- 
tibodies, such as cetuximab that can enhance 
the tumor's radiosensidvit\', may be another 
option for treating EGFR-positive tumors.'"^ 
Thus, while challenges remain tor antibody- 
targeted radionuclides in solid tumors, preclin- 
ical and initial clinical studies arc encouraging. 

Drug Immunoconjugates 

In the late 195()s. Matho, ei al. linked 
methotrexate to the globulin fraction of a 
hamster antiserum directed against the mouse 
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leukeinia L1210 cell line to protect mict: 
froiri subsequent inoculation with L1210 
cells, providing the first evidence that anti- 
bodies conld he used to target drugs. As 
with radio conjugates, clinical success was 
lirst acliievec^ in a hematological malignancy, 
with the FDA approving in 2000, gemtu- 
zumiib 02Dg<unicin (Mylotarg; Wyeth Ay- 
erst) for the treatment of relapsed acute 
myelocytic leukemia in adults (^60 years of 
age)/'" Gemtnzuniab ozoganiicin is a con- 
jugate of a humanized anti-CD33 IgG linked 
to coiicheamicin, a potent antitmnor agent 
isolated from a bacterium, The prospects of 
using it as a front-hne treatment and expand- 
ing ks indications to include pediatric caucer 
patients, and in combination with chemo- 
therapy, are wider evahiation.''^"'^*" Aside 
from the standard precautions for side effects 
associated witli its infusion, other primary 
side effects include complications associated 
with severe hematological loxicit\'. nuicosi- 
tis. as well as hepatotoxicity (hyperbiUru- 
binemia, elevated ALT, AST, and biliribin). 

Conjugation of a drug to an antibody alters 
the drug's pharniacodynamics, essentially "de- 
toxifying" it, and tlii.s has allowed drug.s that 
otherwise would be too toxic for human use 
alone (ic. idtraioxk ({nij>$) to be tested as 
antibody-drug conjug-jtcs. Current clinical tri- 
als w ith drug conjugates almost exclusively use 
drugs tliat are far njore potent than most che- 
niotlierapeutic agents, and other highly potent 
agents also are under development."'""'" 

The union ofa biologic (antib<Hiy) and a drug 
(a chemical) must be made chemically, with the 
conjugate retaining the binding activit)' of the 
antibody, as well as the biological activitj^ of the 
drag (Figure 4). Drugs may be coupled directly to 
an andbody or to inert carriers, such as dextrans 
or aininti acid polymers, which have been used to 
increase tlie dnig-substitution level of the conju- 
gate."^'''"'" Responses are dose-dependent, and 
therefoi-e, oprinrizing the diiig-antibody substiai- 
tion level will improve the chances for success. 
Htjwever, a careful balance between UKtximizing 
tlie drag payload and maintaining favorable phar- 
macokinetic and biodistribution properties must 
be achieved. 



Leukemias are a particularly attractive tar- 
get for iumumo conjugate therapy since the 
individual cells are readily available in the 
bloodstream and marrow. Drugs must get 
inside the cell to be active, and therefore, a 
target that is actively intern:ilized would be 
more important tlian the target's relative 
abundance. For example, MAbs against 
CD74, whicli is found in low density on 
B-ce!k, monocytes, lymphomas, myelomas, 
and certain carcinomas, have been reported 
to be highly etficient carriers for drugs, tox- 
ins, and radionuclides because CD 74 is 
readily recycled."'"*"''^ However, gemtu- 
zumab ozogamicin is active even in CD33- 
negative cell lines because these cells are 
highly cndocytic, and therefore, the conju- 
gate can be internaHzed without specifically 
bindiiig to the cell.''" When internaHzed, 
the drug must be liberated from the antibody 
to regain its activity. Separation of the drug 
from the antibody generally occurs in the 
lysosomes. InefTective trafficking and drug 
separation inside the cell can have a profound 
impact on the potency of the conjugate. Of- 
ten, drugs are coupled to antibody using 
Unkages that can only be cleaved in the acidic 
inihcu of the lysosomes."''"""'' There were 
hopes that antibody-drug conjugates might 
overcome drug resistance by bypassing the 
V-glycoprotcin mechanism for extruding 
drugs.''"' Unfortunately, this has not been 
realized, but one study has suggested that this 
might be possible under certain circtimstanc- 

1 Retargeting approaches also have been applied 
to dnigs. Most often reten-ed to as ADEPT 
(antibody-directed enzyme prodrug therapy), this 
strategy first targets an antibody-enwrae conju- 
gate to the tumor.'" Once the conjugate is suf- 
ficiently cleared Irom the blood, a pradnig, 
which is not biologically active, is given. The 
prodrug is converted to an active fonn and re- 
leased from the eiizyme-conjtigaro. Euz\™aric 
convcreion of the prodrug conrinues, restilring in 
locally increased levels of the active <iLiig. The 
ADEl'T method has been tested extensively in 
preclinical modck as well as in early IMiase 1 
clinical studies, which initially identified die im- 
munogenicirj' and clearance of the :intibody- 
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enzyme conjugate as obsKicles, but preciinical 
saidies sutgcst that these problems may be over- 
come in the near future.''"""^" 

Willie there are still a imniber of challenges 
to be met, new agents are being developed! tliat 
wiL likely lead to expanded clinical evaluation 
of drug iminunoconjugates. 

Toxin Immunoconjugates 



Except for denileukin diftitox (Lig;ind l^hav- 
iiiaceuticals), vvliicli is a iDodificd diphdicria 
toxin coupled to interleiildn-2 for the treat- 
ment of cutmeous T-cell lymphoma, no other 
iinmunotoxins have been approved by the 
FDA; however, there have been a number of 
clinical triak with a variety of toxins conjugiued 
to antibodies.'"'"'"-' 

Toxins are tndy ultratoxic agents, requiring 
relatively few topics to kill tlie cell, but they 
fiice the same delivei-y issues as a drug conju- 
gate. Immunotoxins have been produced pri- 
niariiy from toxins that arc ribosom.d 
inactivating proteins, interfering with the read- 
ing of mlWA and thereby disrupting protein 
synthesis.'^" Most are natural proteins derived 
from plants, bacteria, or fungi, but RNases 
isolated ftoin vertebrates are also being exam- 
ined.'"'' Since toxins have die ii- own nican.s for 
bindhig to cells, the cell-binding pordon must 
be separated from the active portion of the 
toxin to improve targeting specificity (Figure 
4). As proteins, toxins are niiienable to ic- 
combinant production as aiuibody- (or odier 
biological targeting substance, such as 
interleL)kin-2) wxin fusion proteins. '**- '"■' 
However, toxins arc foreign proteins, and 
thcrelbrc the formation of neutralizing anti- 
bodies is a conceiii for repeated use. The pos- 
sible exception is RNa.se, which may be less 
iinniunogenic,'"'' 

Therapy of 13-cel! lymphoma u.sing riein 
A-chain conjugates prepared chemically witli 
deglycosylatcd ricin A-chain and either an anti- 
CD 19 or an anti-CD22 murine IgG was Uai- 
ited by the development of vascular leak 
.syndrome (consisdng of edema, tachycardia, 
dyspnea, weakness, and myalgia). '"■~"^'' IVe- 
ccnt insights into the molecular structure of the 
active ricin A- chain have revealed a motif diat 



is responsible for binding to endothelial cells, 
which could be an important dctcnninant in 
the development of dose-Iiniiting vascular leak 
syndrome.'"* 

A recombinant ai]ti-C022 x PsendoniotMs 
exotoxin has been Inghly efFecrive in padems 
with hairy cell leukemia, while not being as 
active in NHL CLL.''''' In haiiy cell leukemia, 
clinical benefit (86% CR rate with a median 
duration of 36 months) wa.s observed after a 
single cycle of conjugate treatment at a dose 
level of 40 every other day x 3, ^vith the 

most common toxicities being hypoalbuminc- 
mia, transamiiiase elevations, fatigue, and ede- 
ma; a reversible hemolytic uremic .syndrome 
requiring plasmapheresis also was observed in 
several patients. This conjug-ate's activity in 
hai)y cell leukemia and with manageable tox- 
icity is an exciting ne\v development foi: im- 
munotoxin conjugates. 

Similar to the experience with other inunu- 
noconjugates, solid tumors remain a formidable 
challenge for therapy with iramnnotoxins. An 
immnnotoxin prepared as a reconibinant 
Pn uiiomoiiai exoto.xin x anti-Lcwis-Y antibody 
(BR96) wax tested in 46 patients with Lewis- 
Y-posirive tumors, with no objective responses 
reported. The dose of this conjugate was 
limited by gastrointestinal toxicit)', hkely be- 
cause UR96 is cross-ueacrive with nomial gas- 
trointcsrinal ep j die! i urn , ^ 



ECONOMIC CONSIDERATIONS 



One lesson learned from this review is that 
the new biological agents, particularly the un- 
conjugated MAbs, are more etfective when 
used in combination with other therapeutic 
agents, including perhaps other amibodies. 
Since not all patients are respoiisive, presum- 
ably because of differences in die receptors 
being targeted, molecular testing will become 
part of the paradigm of biological therapy to 
choose drugs on an individual parient basis. 

But tlicse considerations can have staggering 
financial impHcations. If the average mondily 
price is S4,800 for hcvacizumab and S!2,0()(J 
for cctuximab. combinations of these together 
with drugs in colorectal cancer troatnieut can 
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range between $11,000 and $27,000 monthly, 
along with phaniiacy and dispensing costs. 
Since chese can be prescribed over several 
months, the costs can challenge the heathcare 
sy.stcm and third-party payers, as cautioned re- 
cently by Wittcs."'^'* 



CONCLUSiONS 



Antibodies and ininiuno conjugates arc gaining 
a significruit aJid expanding role in the therapy of 
cancer. Because patients generally tolerate anti- 
body treatnicnts widi niiniinal side effects, com- 
pared with many other cancer tieatmcnt 
modalities, inn nil no therapy with antibodies rep- 
resents an exciting oppoltUllit^' for combining 
with standard modalities, such as cheniotherapy, 
as well as combinations between diverse 
biologicii! iigents, including antibody combina- 
tions in NHL dierapy and possibly cetiixiniab + 
bevacizuiuab (witli chemotherapy) in metastatic 
colorectal cancejr.'*^""' As we Icani more abonc 
how cancer and other diseased cells control their 
proliferation and spreatl, undonbredly unconju- 
gated antibodies will be used to disnipt these 
iiinctions by fargering iniporfciiie sites or regula- 



tors of cell proliferation, metabolism, adhesion, 
migi::ition, spread, and other properties of malig- 
nancy. The use of antibodies to taiget nidionu- 
chdes, drugs, and toxins is expanding as the next 
generation of MAb-based products for cancer 
therapy. At least in the case of targeted radio- 
nuclides, clinical saidies have shown that these 
inmiunoconjugates arc more effective tlian im- 
munotherapy widi the antibody alone, which, 
higlilights the enhanced efEcac)' achieved when a 
cytotoxic agent is targeted by an antibody that is 
also active. 

This review has summarized the strides 
made o\'er the past 25 years for developing 
new, selective, therapeutic strategies based on 
the evolution of various antibody forms and an 
identitication of new cellular targets. Molecular 
biolog)' has been at the basis of developing this 
new generation of antigen-binding molecnlc!. 
As new target molecules and receptors on tu- 
mor cells are identified in the future, the ex- 
periences gained with the use of current 
iuiinunoconjugaces will enable a niore rapid 
translation to clinical evaluation and use when 
next-generacioTi antibodies and iminunoconjii- 
g-ates are developed. 
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Abstract 

Caveolin, a major structural component of specialized plasma 
membrane Invaginations (caveolae) that participate in diverse 
cell activities, has been implicated in the pathogenesis of 
several human diseases, including cancer. We showed in 
earlier studies that caveolin-1 (cav-I) is consistendy and 
strongly overexpressed in metastatic prostate cancer and is 
secreted in a biolo^cally active form hy virulent prostate 
cancer cells. Using both in vitro and in vivo model systems, 
we now present evidence supporting a proangiogenic role for 
cav-I in prostate tumor development and progression. 
Recombinant cav-1 (rcav-l) was taken up by cav-l~'~ 
tumor-associated endothelial cells throng either a lipid 
raft/caveolae- or clathcin-dependent mechanism, leading to 
specific angiogenic activities (tubule formation, cell migra- 
tion, and nitric oxide production) that were mediated I»y 
rcav-l stimulation of the PI3K-Alct-eN0S signaling module. 
Pathologic angiogenesis induced by cav-1 in prostate tumor- 
beaiing mice correlated with an increased frequency, number, 
and size of lung metastases. We propose that in addition to its 
antlapoptotic role, cav-1 secreted by prostate cancer cells 
functions criUcally as a proangiogenic factor in metastatic 
progression of this tumor. These new insights into cav-I 
function in prostate cancer may provide a base for the design 
of clinically applicable therapeutic strategies. [Cancer Res 
2008;68{3):1-91 

introduction 

As essential components of caveolae, caveolin proteins help to 
generate and maintain these highly ordered structures at the cell 
surface. They also mediated endocytosis and transcytosis of 
molecules attached to the cell surface and organize signaling 
proteins involved in cell proliferation, adhesion, and migjration, 
among numerous other biologica! processes (1). This fimctional 
versatility has focused increasing attention on the possible role of 
caveolins in cancer development and progression. Findings to date 
clearly indicate that caveolin-1 (cav-1), the first of several caveoiin 
family members that differ in structure and tissue distribution, can 
influence both tumorigenesis and metastatic spread in certain 
types of cancer (2-6), although the mechanisms of these effects are 
largely unknown. We showed in earlier studies that cav-1 is 
consistendy and strongly overexpressed in metastatic prostate 
cancer and is secreted in a biologically active form by vimicnt 
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prostate cancer cells (2. 3, 7). Interestingly, we detected signifi- 
cantly increased serum cav-1 levels in prostate cancer patients 
compared with control men or men with benign prostatic 
hyperplasia, and showed that preoperative serum cav-1 is a 
potential prognostic marker for recurrence in radical prostatecto- 
my cohort (8, 9). Tlie ability of some prostate cancer ceUs to secrete 
biologically active cav-I (7, 8), and the demonstration that loss of 
cav-1 fimction in the TRAMP transgenic mouse prostate cancer 
mode! results in highly significant reductions of prostate cancer 
growth and metastasis (10), led us to suspect that tumor cell- 
secreted cav-i may hinction as a paracrine factor during prostate 
cancer development, possibly as a regulator of pathologic 
angiogenesis, The studies described here substantiate this role 
and suggest a paradigm that may be applicable to other tumors 
that secrete cav-1. 

Materials and Methods 

Endothelial cell isolation. Endotlieliai eeUs from cav-r^' mice (II) 
\vere isolated from mouse aorta according to the primary explant procedure 
and used througiiout tlie study. Briefly, the aorta was removed from the 
anaesthetized mice, placed in PBS, and carefully cleaned of peri adventitial 
fat and connective tissue. The vessel was then cut into 1-mm pieces, opened 
ion^tudinaJly, and placed with the intima side down on Matrigel-ooated 
(BD Biosciences) 12pwell plates in endothelial cell growth medium (EGM; 
Cambrex) to generate endothelial outgrowth. Tlie aortic pieces were 
removed after 4 to 7 days, and the cetJs were allowed to grow to confluence. 
After recovery with dispase, the cells were plated on a 12-wel] plate and 
then subcuitured twice. The confluent monolayers showed the typical 
cobblestone pattern of endotlieliai cells stained positively for uptake of Di-I- 
Ac-LDL (Biomedical Technologies). 

Western blotting. Protein aliquots from ceU lysates were separated by 
10% or 12% SDS-PAGE and transferred to nitrocellulose membranes. The 
membranes were probed with antii)odjes to cav-1 (Santa Cruz Biotechnol- 
ogy). eNOS. Erkl/2. Altt (BD Biosciences], P-Akt P-eNOS. or P-Erkl/2 (Cefl 
Signaling Tectinology). 

Recombinant cav-1 and Arecombinant cav-1 pur Location. phCav- 
1V5 and ph&cav^lVSHis plasmids were constructed as described 
previously (8), whereas recombinant cav-I (rcav-I) and Arcav-I were 
purified by our modified procedure. Briefly, transfected 293FE cells were 
washed with PBS and lysed with 10 wL of ice-cold buffer A [50 mmol/L 
phosphate buffer, 300 mmol/L NaCl, 10 mmol/L imidazole, and 5 mmol/L 
mercaptoethanol (pH.8)l containing Q.5% Triton X-lOO and 0.7% octylfi-D- 
glucopyranoside (OOP). The lysate was centrifuged for 15 min at 4''C 
12.000 X g, and the supernatant was mixed and incubated with I mL of 
Ni-NTA agarose slurry for 3 h. The resultant rabtture was loaded on to a 
10 mL polyprep column (Bio-Rad), and the resin was washed with 10 
volumes of bulTer A containing 500 ramol/L NaCl, 50 mmol/L imidazole, 
and 0.296 OGP. The bound cav-i-V5-His was eluted with 3 mL of elution 
buffer (buffer A containitig 300 mmol/L imidazole, 300 mmo!/L Naa. and 
0.1% OGP). For Western blot analysis, the crude supernatant as well as 
unbound and eluted fractions were subjected to SDS-PAGE. FITC labeUng 
of recombinant cav-1 proteins was prepared with the EZ-!abel FITC 
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protein labeling kii {Pierce Biotechnology, Inc.) according to tiie 
manufacturer's instructions. 

Tiibule formation assay. The in vitro tubule formation assay was used 
as described previously (12). Briefly, endothelial celli; were incubated in 
growth factor-radnced Matiigel-coated 34-welI plates in 0.5 mL of 
endothelial basement medium {EBM; Cambrex) in the presence or absence 
of rcav-1 or Arcav-l. Images of tubule structures that formed after IS to 
24 h were captured by phase contrast microscopy, and the length of the 
endothelial networf« was quantified by image analysis of iive low-power 
fields using free object quantification software (NudeoTech Corp.). 

Wound-healing migiation assay. Endothelial cells were cultured in 34- 
well plates to 70% to conlluency in EGM. and a straight longiludinal 
incision was made on the monolayer. After a wash with EBM and 
incubation with rcav-l or Arcav-I in EBM containing 0.1% bovine serum 
albumin (BSA) for 4 h foUowed by an additional 48 h of incubation in EBM 
containing 2% of fetal bovine serum (FBS), the cells were stained wit h the 
Protocol HEMA3 stain set (Biochemical Sciences, Inc.), and the number of 
cells migrating Into the cleaned area were counted with a microscope, using 
advanced colony counting software (NucieoTech Corp.). 

Cell ptoliferatioii and ['H]-tfaynitdlne Incotporation. Endothelial 
cells were seeded into I2-wb11 plates (5 x lO" cells per weU) and Incubated 
overnight After the medium was removed, the cells were treated with rcav- 
1 in EBM for 4 h and incubated for an additional 48 h in EBM containing 
2% ITBS, after which they were trypsinized and counted with a coulter 
counter, For [^H}-thymidine uptake, the endothelial cells were seeded into 
96-weU plates (2.5 x itP ceils per well) in EGM then treated with rcav-1 and 
incubated for 48 h in EGM. f^lj-thyniidioe (5 uCi/mL) was then added, the 
cells were incubated for 24 h. and the ceU lysate-associated radioactivity 
was counted. 

tfltric oxide determination. The basal and rcav-l stimulated NO 
derived from endothelial cells that had accumulated in EBM over a 24-h 
period was measured with the Nitric 0»de Colorimetrlc Assay (Boche 
Diagnostics). 

PPl and PP2A activities. Endothelial cells were treated with rcav-1 and 
incubated in EBM containing 0.1% BSA for 24 h at 37'C and 5.5% COi- 
Tiie cells were [ysed with ice-cold phosphatase lysis buffer, and PPI and 
PP2A activities were measured alter immunoprecipitation as described 
previously (13). 

Animal models. Orthotopic RM-9 tumors were generaled by injecting 
5 X lO' cells directly into the dorsolateral prostates ofcav-V'' or cav-r'~ 
male mice. The resultant tumors were removed at necroscopy on day 2] 
postinjection, and tlieir wet weight were determined; all tumors were 
processed for specific immunostaining protocols (see below). 

To generate the LNCaP cav-1 tet-on system, we transfected ca»-r'~ low 
passage (LP)-LNCaP cells with pTetOn vector (Clontech), isolated stable 
G418-resistant clones, and screened them in a transient trasfection reporter 
assay with pTRE2Luc vector according to the manafacitirefs protocol with 
or without I ng/tnL doxycycline. Done LNT36, which had the highest 
induction level, was chosen for the second cotransfection, in which a 
pTRECav-I vector containing ftiU-length human cav-l cDNA and the 
pBabcHygro plasmid. Double stable G41S- and hygromycin-resistant clones 
were isolated and tested for cav-I induction in response to the doitycycBnc 
(1.0 (ig/mL). Clone LNTB25cav, which showed strong induction of cav-l 
after addition of doxycycline to the medium and the lowest endogenous 
expression In the absence of the drug in vitro, was used for flirtiier in vivo 
studies. 

To establish xenografts, we inoculated male nude mice with LNTB2Scav 
cetis that were suspended in Matrigel matrix and injected s.c Tumors were 
present 21 days after inoculation, and tumor-bearing mice were divided into 
two groups that were normalized for tumor size. One group was treated 
with drinking water containing doxycycline (2 mg/mL) and 5% sucrose, 
whereas the other (control group) was treated with drinking water 
containing only 5% sucrose. After 21 days, the animals were sacrificed, 
and the tumor tissues were harvested and either snap frozen in liquid 
nitrogen or fixed in 10% neutral formalin. 

For the in vivo metastasis assay. 1 x lo' lNTB25cav cells were injected 
into the tail veins of male nude mice to establish experimental metastases. 



Two months aiier the initial injection, the mice were divided into two 
groups; one was tre^d with drinking ivater containing dojiycycline (2 mg/ 
mL) and 5% sucrose and the other (control group) ^vith drinking water 
containing only S% sucrose. After a 42-day treatment, the animals were 
sacrificed and lung tissue was collected, fixed, and analyzed for tumor foci. 

Immunohistochemistiy and deconvolution microscopy. Depending 
on the fluorescent protein treatment, LNCaP, FC'3, and TSU-Prl tumor cells 
or endothelial ceUs were placed on glass coverslips in 24-well plates and 
incubated overnight in RPMl 1640 or EGM, respectively. After removal of 
the medium, the ceUs were washed twice with PBS buffer, then FTrC-rcav-l, 
FfTC-Arcav-I, Alexa fluor 594-labeled cholera toxin B, and transferrin 
(Invitragen) were added tn medium that contained 0.1% BSA. The ceUs were 
incubated for 5 h, rinsed twice with PBS buffer, and fixed in 4% 
formaldehyde for 5 min at room temperature. 

For immunostaining, fixed cells were permeabillzed with 0,t% Triton X- 
100 in PBS hnffer and blocked with 3% normal horse or goat serum. They 
were dien incubated mth primary antibody foUowed by biotinylated anti- 
rabbit IgG (Vector Labs] and rhodamine-conjugated streptavidin or FTTC- 
streptavidin Oackson imniano Research). Reactions were evaluated with 
the Delta Vision Deconvolution Microscopy System (Applied Precision, 
Inc.), in which a Z-series of optical sections (O.I5-|im steps) were digitally 
imaged and deconvolved with the Delta '\rision'Constrained iterative 
algoriljim to generate high-resolution images. 

Mouse model-derived tumor specimens were stained for CD31 (BD 
Biosciences) using the avidin-biotin-peroxidase complex technique (ABC 
kit; Vector Lab) as previously described (14), Quantitative analysis of 
microvessel density vrtis performed on the stained sections. The vascular 
"hot r^on" was first identified by low-power screening (magnification, 
X4<)). Vascular counting was then performed on at least five 200x 
measuring fields (each with a real area of 0.198 mm"). For each sample, the 
highest count per field was used. 

Dual-immnnofluoiescence staining was also performed on these tissues, 
Briefly, after tissue sections were deparafCnized and rchydrated through 
graded alcohol, they were heated in 0.01 mol/L citrate buffer at pH 6.0 by 
microwave for 10 min to enhance antigen retrieval. After a 2D-min blocking 
step with 1.5% normal goat seium, the sections were sequentially incubated 
with polyclonal cav-3 antibody dUuted 1:200 for 90 min, followed by 
biotinylated anti-rabbit IgG and streptavidin-FITC for 30 min each. The 
sections were reblocked in 1.596 normal horse serum for 20 min and 
incubated in CD31 monoclonal antibody followed by Cy-3-conjugated anU- 
rat IgG for mouse specimens. The specificity of immunoreactions was 
verified by replacing the primary antibodies with PBS or with 
corresponding normal serum. The labeled specimens were evaluated using 
a Zeiss fluorescence microscope equipped with a video camera (Hama- 
matsu). Each section was analyzed systematicaUy. field-by-field (300 x 400 
Mm''), over the area of cancer ceUs. The pereentages of cav-l-positive CD31 
roicnovessels were deteimined for each field for each fluorophore and on 
superimposed images of both iluorophores with the aid of OPTiMAS (6.0) 
software. 

Statistical analysis. The Mann-Whitney rank test was used to analyze 
differences in microvessel density within mouse prostate cancer tissues; 
comparisons of in vitro tubule formation, ceil migration, pliosphatase 
activity assay, NO release assay, and RM-9 tumor wet weights relied on the 
unpaired two-sided t test fisher's exact test was used for the comparison of 
the metastasis frequency in LI<TB25cav-injected mice. All statistical 
analyses were performed with Statview software (Version 5.0; SAS Institute). 



Results 

Cav-l uptake by prostate cancer ceils and endothelial cells. 

We have shown that prostate cancer cells secrete cav-l possessing 
antiapoptotic activity that can be suppressed by cav-l-specific 
antiserum in vitro (7). Such antiserum also suppressed metastasis 
in vivo, raising the possibility that secreted cav-I is t^tken up by 
tumor cells or tamor-aasociated endothelial cells or both. Thus, 
we treated cav-l-negative LP-LNCaP tumor cells or primary 
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endothelial cells, isolated from cav-l~^~ mouse aorta, with 
conditioned medium collected from cav-l-transfected LP-LNCaP 
celJs or with rcav-1 alone. Western blot analysis showed that cav-1 
contained in contained medium was taken up by LP-LNCaP ceils 
in a dose- and time-dependent manner, as indicated by the 
appearance of cav-1 in ceH lysates within 1 h and the achievement 
of maximal intracellular levels 3 h posttreatment {Fig. IjI), Rcav-1 
protein was also taken up by the LP-LNCaP cells and cav-r'~ 
endothelial cells in a dose-dependent ^hion over a. 24>h 
incubation period (Fig. 15 and C). Rcav-l uptake by tumor cells 
{LP-LNCaP, TSU-PrI, and PC-3) and endothelial cells [human 
umbilical vascular endothelial cell (HUVEC), and mouse cav-l'^' 
and cav-r'*\ was further shown by fluorescence and deconvolu- 
tion microscopy, FITC-icav-1 uptake by these cells was temper- 
ature dependent, with 5 h of incubation at O'C. abolishing uptake 
altogether (data not shown). Internalized FITC-rcav-1 was 
distributed throughout the cytoplasm (Fig. ID). 

Lipid rafl/caveolae-dependent and clathrm-dependent 
endocytic pathways arc involved in rcav-1 internaliasation in 
endothelial cells. To determine the endocytic pathways respon- 
sible for rcav-l internalization, we pretreated HUVEC and cav-1 
or cav-1 mouse endothelial cells with methyl- p-cyciodextrin 
(MCD) or chlorpromazine to disrupt the formation of cholesterol- 
rich rait microdomains or clathrin-coated pits, respectively. 
Fluorescence microscopy revealed that MCD effectively inhibited 



FITC-rcav-1 uptake in both types of endothelial cells, whereas 
chlorpromaiine inhibited FITC-rcav-1 uptake effectively in mouse 
endothelial cells hut only marginally in HUVEC (Fig. 2/1). Under F2 
the same conditions, MCD effectively reduced the uptake of 
cholera toxin B, whereas cMorpromazine reduced the uptake of 
transferrin substances luiown to penetrate ceUs through choles- 
terol-rich lipid raft and dathrln endocytic pathways, respectively 
(Fig. 2fl). These results indicate that internalization of exogenous 
rcav-1 proceeds through lipid raft/caveolae and clathrin pathways 
in both HUVEC and mouse endothelial celts, with the former 
pathway dominant in HUVEC (Fig. 2A. left). To directiy show that 
rcav-1 associates with internalized lipid rafts/caveolae to enter 
endothelial cells, we incubated HUVEC for 5 h with a mijrture of 
FITC-rcav-1 and cholera toxin B and tested for their cellular 
coloealization. We found that a majority (7696) of the HTC-rcav-1- 
positive endosomes also contained cholera toxin B (Fig. 2C), 
indicative of a requirement for caveolae and ganglioside Gmi lipid 
rafts in cav-1 penetration of human endothelial cells. 

Internalization of rcav-l is mediated by cav-1 scaffolding 
domain. Mutagenesis experiments have identified cav-1 scaf- 
folding domain (CSD) residues 82 to 101 as the region 
responsible for mediating interactions with a number of 
signaling proteins including the endothelial form of nitric oxide 
synthase (eNOS), platelet-activating factor receptors, epidernial 
growth factor, the kinases Src and Fyn, hetcrotrimeric G protein. 
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Figure 1 . Cav-1 uptake by prostate cancer and bladder cancer cells and endothelial cells. A. Hose- and time-dependent uptake of eav-1 (mm ca v- t-transtected (+) or 
control-transfected (-) contained medium (CM) by LP-LNCaP cells. Top, detection ot cav-1 after a 24-h trealmenl wtti, contained medum '^..^l^J^^^^^IUf.^- 
bottom, detection after 1 to 24 ti of treatment with 250 mL contained medium. B and C. dose-dependent rcav-1 upteke by LP-LNCaP hjmor cells ^) and ca^-l 
endothelial cells (EC; C) treated lor 24 h. D. InlemaliMtion of FITC-fcav-1 by cancer cells [top) and endothelial cells (mrrftffe) treated wltt^^3X^ ^g/mL o Fn;C-rcav-1 
tor S h. uptake by endothelial cells (cav-I"'' endotliellaJ cells and HUVEC) were imaged by deconvolution microscopy after treatment with FITC-rcav-1 {bottoiv), 
nuclei were visualized by Hoechsl 33342 staining. 
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Figure 2. Internalization of rcav-1 tjy lipid raft/caveolae-dependent and ciattirin-dependanf endocytic pathways. A, cells were incubated wth FrTC-rcav-l (3.0 tig^mt,) in 
the presence or absence of 7.S figlnA. of chlorpmmajlne (CPZ) or 7 mmol/L MCD for 5 h and analyzed by Ihioiescence microscopy. B. cholera toxin BiCtxB) and 
transferrin internalization are blocked by fUlCD and ehlotpfomaEine, tespecSvel/. HUVEC cells were incubated witti Aleiia fluor sg4-labeled cholera toxin B and 
transferr/n containing the same lUICD and ehlorpramaiine concenlrations as In AtofSh and analyzed by fluorescence microscopy. Choleta toxin B intemalteafion 
was Impaired by cholesterol depletion (MCD treatment), whereas transferring uptake was blocked by disruption of clathiln-coated pita (chtorpromazine treatment). 
C, colocalfzation o( internalized FITC-rcaw-1 with cholera toxin B, a ganglloslda Gm, lipid raft/caveolae marker, as detected by eteconvolution microscopy of HUVEC 
cells after the incubation for 5 h with FITC-rcav-l and Atexa fluor S84-lal}eled cholera toxin B; nuclei were visualized by Hoechst 33342 staining. 



and cholesterol-binding protein (15). This domain also targets 
the full-length endogenous cav-1 to lipid raifls/caveolae and ceil 
membranes {16). To determine the role of the CSD in exogenous 
rcav-1 membrane attachment and cellular uptake, we generated 
and purified the CSD-deieted rcav-I protein (Arcav-1), treated 
endothelial cells and prostate cancer cells with different 
concentrations of FITC-Arcav-1 over 1 to 6 h, and examined 
the cells for Arcav-1 uptake using fluorescence microscopy. We 
did not detect internalized FITC-Arcav-l in ceils incubated for 
as long as 6 h at concentrations of the mutant protein ran^ng 
to 5.0 ]ig/mL (Fig. 2A). In separate coincubation experiments, we 
showed uptake of cholera toxin B or transferrin under the same 
conditions (data not shown). These observations suggest that 
endocytosis of exogenous rcav-1 protein and its subsequent 
stimulation of an^ogenic activities is mediated, in part, by CSD. 
which seems critical for cellular internalization of the protein. 

Rcav-I stimulates differentiation and migration ofcav-r^~ 
endothelial cells. We initially analyzed the formation of tubules by 
endothelial cells, isolated from cav-r^* or cav-l~^~ aorta, on 
growth factor-reduced Matrigel. Compared wth cav-1*'* endothe- 
lial cells, cells lacking this gene showed significantly reduced tubule 
formation in the absence of rcav-1 stimulation (Fig. ZA: micro- 
graphs). However, treatment with rcav-1 stimulated tubule 
formation in cav-l'^' endothelial cells in a dose-dependent 
manner with a >2-fold increase in tubule length observed with 
use of 1.5 Mg/tnL rcav-1 compared with untreated controls (P = 



0.021). Importantly, Aicav-1 at this concentration failed to 
Stimulate tubule formation (Rg. M). To determine the effects of 
rcav-1 on cav-l~^^ endothelial cell migration, we used the m vitro 
wound-healing assay. Rcav-1 treatment stimulated cav-I~''~ 
endothelial cell migration in a dose-dependent fashion with a 
2-fold increase in the number of migratory cells at a rcav-1 
concentration of 1.5 ng/mL [P = 0.019), whereas Arcav-1 at this 
concentration failed to increase migration/ motility of the endo- 
thelial cells (Fig. 3B). This enhancement of tubule formation and 
the number of migratory/motile cells by rcav-I treatment did not 
result from increased cell proliferation, as the numbers of cells or 
levels of thymidine uptake posttreatment were similar to the 
results for untreated controls (data not shown). 

Rcav-1 stimulates the autogenic activities in cav-I~^~ 
endothelial cells through the activation of eNOS. Caveolae 
and cav-1 play critical roles in ensuring the coupling between 
vascular endothelial growth factor (VEGF) receptors and down- 
stream mediators of angjogenesis, such as VEGF. which activates 
Erk and eNOS via the phosphattdylinositol-3-kinase (P13-K)-Akt 
agnaling pathway (17-19). Thus, to assess the contribuUon of this 
signaling module to the angiogenic activities of rcav-i, we tested 
the effects of inhibitors of PIS kinase (LY294003). eNOS (L-NAME), 
and Erk (PD98059) in cav-J"''" endothelial cells. Figure 3C and D 
shows that both LY294002 and L-NAME, but not PD98059, 
significantly suppressed rcav-l-stimulaled angiogenesis, implicat- 
ing PB-K-Akt-eNOS signaling in the pathologic autogenic effects . 
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of cav-1 in prostate cancer cells. To investigate this possibility 
further, we measured the levels of accumulated NO (NOJ + NO3) at 
24 h after rcav-l treatment of cav-l~^~ endothelial cells. NO release 
by these cells was significantly increased by rcav-1 in a dose- 
dependent manner (P = 0.029 versus untreated control; Fig, 4A 
F4 l&ft). Analysis of the effects of rcav-1 on the phosphoryiation status 
of Akt and its downstream target protein eNOS in cav-r'~ 
endothelial cells showed a dose-dependent increase in Akt 
phosphorylation on S473 and T308 with no change in total Akt 
Rcav-I treatment also led to increased eNOS phosphorylation on 
S1177 but not T495 (Fig. ri^t). The CSD-deleted rcav-1 failed to 
stimulate eNOS SI 177 phosphorylation, as expected {Fig. 4S. top). 
We also tested the effect of LY294002 on the rcav-l-induced 
phosphorylation of Akt (T3081 and eNOS (SI 177) in cav-r'~ 
endothelial cells. As expected, LY294002 treatment of the celk 
diminished the observed Akt phosphorylation induction by rcav-l. 



Interestingly, the phosphorylation of eNOS (SU77) induced by 
rcav'l was reduced but not completely diminished as a result of 
Ly2M002 treatment (Fig. ^B, bottom). 

To fiirther investigate the mechanjsm(s) that underlies rcav-l- 
stimulated eNOS activation, we tested the effect of rcav-1 on the 
activities of serine/threonine protein phosphatases PPl and PP2A 
in cai'-J~''~ endothelial cells. These two phosphatases are knovm to 
regulate the phosphorylation of multiple protein targets including 
Akt and eNOS (20, 21) and are inhibited by cav-1 overexpression 
in prostate cancer cells (13). The activation of eNOS by a number 
of stimuli including VEGF involves a transient increase in the 
phosphorylation of SI 177 with a decrease in T495 phosphorylation, 
alternatively, protein kinase C signaling inhibits eNOS activity by 
phosphorylating T495 and dephosphorylating S1177. Both PPl and 
PP2A are associated with eNOS phosphorylation. PPl is specific for 
dephosphorylation of T495, whereas PP2A is specific for S1177 




Figure 3, Rcav-1 snmulates tubule (ormafion and cell migration in cav-r'" endolheltai cells. A, representative micrographs sHowing newly formed tubules of 
cav-I*"^ and cav-r^ endothelial cells cultured on growth factor-tettuced Matrigsl under basai conditions or after treatment w/ith 0.5 to 1 .5 Mg/mU ot rcav-1 and 1.5 (ig/mL 
mL Aroav-1 for 1 8 h. Bar graph depicts dose-dependent rcav-1 or Atcav-1 stimulation of lubule foimation in cav-r'' endothelial cells. The values are folds ot induction 
relative to untreated control ± SD ot three independent ej^eriments. *, P = 0.02 versus untreated control by tVKO-sided ( test. B. dose^Jependent rcav-1 or 

" i'i.>- -> (g u^reated control ^ SD of tnree 



rcav-1-stimuiated wound-tiealing assay cell migration by LV294002 {3.0 iimol/L) or L-NAME [1.0 mmoWL) b„ .„. — - t- ,„ . number of 

*, P = 0.01 1 ;-, P = 0.005 versus rcav-1 treated only, by-two sided ( lesL Bar graphs in C and D represent tubule length relative to untreated controls and the number ot 
migratory cells'ielative to unltealed controls, respectively. Co/umns, mean; bars. SD. 
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Figure 4. Rcav-1 is involved in P13-K-Akl-sN0S-medlated stimutation Of angtogenio adivities In cav-1~'' endothelial cells. A, dose-dependenl NO release by 
cav-r^- endothelial cells after fcav-1 treatment. Columns, mean; bars, SO. *, P = 0.029 versus untreated contrd, by two-sided f test (teft). Increased phosphorytafion 
of Akt on 3473 and T308, and of eNOS on St 157 by Western blot analysis of cav-r '' endothelial cells lysales Irealed for 24 h with different concentrations of rcat/-1 
{right). B, itcav-1 treatment of cav-r'~ endothelial cells tor 24 ti does not affect the phosphorylation status of eNOS on S1177, but rcav-1 increases eNOS 
phosphorylation on S1 177 in a cJose-ctependent fashion (top). Tfeatment o! cav-r'- endothelial cells with Ly29400 abolishes the rcav-1 -induced Akt phosphorylation 
on TMB and reduces, but not oompletety eliminate, the eNOS phosphDrylatlon on S1177 induced by rcav-1 (bottom). C, reav-1 inhibits the activity of PP2A but not PP1 
in cav-1-*- endothelial calls. PP1-C or PP2A-C immunpredpitation complexes from rcav-1 -treated cav'l''' endothelial cells or untreated contrds were used to 
detenriine phosphsiase activillBS with the setinefthreonine protein phosphatase assay. Columns, mean; bars, SD. *, P = O.0OO2 by h«o-sided t te^ D, induction of 
eNOSWW BSSDciation by icav-l. Csif-r'" endothelfal cells were cultured tor 6 ti in the presence or absence of rcair-1 . After fixation, the calls were double-labeled with 



dephosphorylation (21). The resujbs showed tJiat rcav-1 treatment 
si^ficantly inhibited the activity of PP2Abut had no effect on PPl 
activity [P = 0.0002 versus control; Fig. 4C). These data provide 
evidence that rcav-1 induces eNOS phosphorylation through Aict 
activation, and independently of Akt, through inhibition of PP2A, 
which specifically dephosphoryiates eNOS (S1177). 

A number of studies have shown that both eNOS and PI3 kinase 
are colocalized within the caveolar region of the plasma membrane 
(22, 23); therefore, we investigated the role played by cav-1 in 
compartraentaliaation of the P13-K-Akt-eN0S signaling pathway 
molecules in cac-i"''" endothelial cells. We incubated the cells with 
or without rcav-1 for 5 h and visualized the cells by deconvolution 
microscopy for coiocalization of Akt with eNOS. We found that Akt 
was not colocalized with eNOS in untreated ceUs. whereas 
significant coiocalization of the two molecules was observed in 
the cells treated with rcav-1 (Fig. 4D). 

Kcav-l uptake in tumor-associated endothelial cells and 
proan^ogenic activities in prostate cancer animal juodels. To 
investigate the effects of endothelial cells-localized cav-1 on 
microvessel density and tumor growth in vivo, we used an 



orthotopic RM-9 mouse prostate cancer model (24), in which 
cav-1 expressing and secreting RM-9 prostate cancer cells are 
injected directly into the dorsolateral prostate of male cav-l*''' or 
cav-r^~ mice. In this model, the mean (1,85 + 0.167) tumor wet 
weight was significantly higher in cav-l'^" versus cav-l~''~ tnice 
(P = 0.045; Fig. 5/1). Moreover, immunohisto chemical analysis of F5 
tumor sections collected from sacrificed mice showed that RM-9 
tumors had significantly higher microvessel densities in cav-I*^" 
compared with cav-r''~ hosts [median. 21.5 (range, 15.6-36.1) 
versus 13.3 (range, S.2-22.8: P = 0.0078); Fig. SB and C). 
Interestingly, >70% of the CDSl' mtcrovesscls in the cav-J~^~ 
mouse tumor sections were positive for cav-1 staining, indicating 
uptake of RM-9 cell-derived cav-1 by tumor-associated endothelial 
cells (Fig. SD, arrouv). 

We examined the association between cav-1 expression and 
prostate tumor-associated angiogenesis more closely by generaUng 
an LNCaP tet-on cav-1 stable ccl! line (LNTB25cav) in which the 
expression of cav-1 can be regulated by manipulating doxycycline. 
In the absence of doxycycline, the level of cav-1 protein in lysate is 
low, whereas the addition of doxycycline to the culture medium 



Cancer Res 2008; GB: (3). February 1, 2008 



6 



www.a3crjournals.org 



07-2668 ^ 

Secreted Caveo!in-1 Simulates Anglogenesis 



leads to a rapid induction of cav-l protein in vitro (Fig. 6/1). 
LNTB25cav tumors were established as s.c. growing xenografts in 
adult male nude mice; tumor-bearing mice were then treated with 
either doxycycline or control sucrose solution added to the drinking 
water. Tumor volumes in the doxycydine-treated group were 
significantly greater than those in the control group on days 12, 15, 
and IS after treatment (P = 0.0195, P = 0.035, P = 0.019, respectively; 
Fig, dA). Further immunohistochemicai analysis showed increased 
cav-1 levels in the cytoplasm of tumor ceils in d03:ycycline-treated 
compared with control mice (Fig. 6B, lop). Microvessel densities 
determined by CD31 labeling were greater in cav-I-induced tumors 
compared with controls [P = 0.039; Fig. 6B, bottom; Fig. 6C). 
In separate experiments, we injected 1 x 10* LNTB25cav cells into 
the tail veins of nude mice to establish expenmental lung 
metastases. After 42 days of continuous treatment, the number 
and frequency of lung metastases in doxycyciine-tceated animals 
significantly exceeded results in the control group (P = 0.008 and 
0.04, respectively; Fig. 6D) and their average size was clearly larger 
in doxycycline-treated mice (data not sho^vn). 



Discussion 

The establishment of prostate cancer metastases involves the 
successfiii negotiation of multiple endogenous physiologic barriers, 
survival during transit through the blood or lymphatic stream, and 



colonization at distant sites. The growth and metastasis of prostate 
cancer and other tumors is dependent on the induction of new 
blood vessels from preexisting ones through angiogenesis (25, 26). 
Cav-I has been implicated in the regulation of endothelial cells 
proliferation, differentiation, and stabilization (6. 17, 27, 28). In a 
study using Lewis lung carcinoma cells animal cancer model, cav-1 
was found to be antian^ogenic factor (29). In contrast, the results 
of a number of studies including this report have shown a 
proan^ogenic function for cav-1. In an experimental melanoma 
model, impairment of pathologic angiogenesis was reported in 
cav-]~^~ compared with cav-V^* (30). Increased expression of 
cav-1 and microvessel density was found to be associated with 
metastasis and a worse prognosis in human dear cell renal cell 
carcinoma, suggesting a proangiogenic role for cav-1 (31). We also 
presented correlative evidence for a proangiogenic role of cav-1 in 
human prostate cancer (4). Endogenous levels of cav-l expression 
in endothelial ceils may provide an explanation for this controver- 
sy. Cav-l'^" endothelial cells showed abrogated tubule formation 
and reduced NO production with or vrithout VEGF treatment 
Enforced expression of relatively low levels of cav-1 in cav-1 
endothelial cells produced increased eNOS phosphorylation 
(SI 177) and NO production in response to VEGF treatment, yet 
expression of higher levels of cav-I blocked this process (17). 

Apparently, without cav-I, endothelial cells do not undergo 
proper maturation and maintain a hyperproliferativo state. This 
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Figure 5. Secteted cav-I promotes grow* and angiogenesis in ortliotopie ms mouse prosiate cancermodel. A. increased RM-9 tumor wet waigM m cav-i hosts 
{n = 7) compared with cav-r'- hosts (n = 7). Columns, mean; bais, SE. ■, P = 0.04S by tvm-sWed f test. S. immunotiistCKhemiwI staining for 9?3?Xnun r^q 
Ihows increased microvessel density in cav-I-" hosts compared with eavf"'- hosts. C, quantitative box plot analysis of the -^'croves^ldensity ^V^D)in i^M-9 
tumors from cav-r'* versus cai^r'" hosts. Toplinss, 10th percentile; bottomlines. 90th pBrcentite:m«J<J/B toes, median value. ■ '^=0'0f f^fr";^^''^"^!^™^ 
tesL D. images of double immunostalning for CD31 (green) and cav-1 in a tissue section, of an RU-9 tumor from a eav-r' host Arrows in the merged irrtage 
(yeMcw) indicate the uptake by intarovessels of cav-i secreted by RM-9 tumors. 
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Figure 6. Secreted cav-1 promotes growth and angiogenesis in LNTB2Scav tumore. A, Cav-1 induction by doxycyclina {Doxy) leads to increased tumor volume 
in UNTBaSoav s.o xenograft tumors growing s.c. Two groups of mice (n = 8 each) normalized for lumor volume were treated witfi elUisr doxycycline (2 mg/mL) 
Of control sucrose in drinking water for 21 d. Points, mean; bars. SE. *, P = 0.01 95; P = 0.035: P = 0.019 by two-sided f lest. S, represenlalive 
immunohistoctiemical staining for cav-1 and CD31 shows increased cytoplasmic cav-1 in cancer cells (top), and increased numtwrs of microvessels (bottom) in 
cav-1 -induced LNTB25cav tumors oompared with uninduced LIsrTBZScav tumors. C. quantitative box plot analysis of microvessel density In cav-1 -induced (n = B) and 
unlnduced (n = 11 ) tumors. Top Snes, 10th peroenlile; bottom lines, 80th psroentiles; middla /Arss, median value. ',P = 0.039 by Mann-Whitney rank tesL D, Increased 
number and frequency of lung metastases In cav-1-lnduced compared with uninduced tumors. Lung metastases were established by injecting L^rTB25cav ceils 
into the tail veins of nude mice that were subsequeniiy treated with doxyeyciine (n = 7) or sucrose (n = 8) in difnhing water for 42 d. Columns, mean; bars, SE. 
',P = 0.040 by Rsher's exact lest; P = 0.008 by two-sided / test. 



leads to a lack of polarization and a failure to fonn intercellular 
junctions (32), which may compromise selective transport 
mechanisms for specific macromolecoles. Similarly, in tumor- 
associated endothelial cells a certain basal level of cav-1 may be 
required for minimal functional capacity. We have recently shown 
that cav-1 low/negative endothelial cells are relevant to prostate 
cancer. We reported significant reduction in the density of cav-1 
positive microvessels in cav-l-negative human prostate cancer 
tissue compared with benign prostate tissues, clarifying the 
existence and possible significance of cav-l-negative microvessels 
in these malignancies (4). 

We show that endocytosis of extraceUulat rcav-1 occurs in 
cancer cells (TSU-Prl, DU145, and PC-3) and endothelial cells 
(HUVEC, cav-r^~ endothelial cells, and endothelial celb). 

and that endothelial cells take up rcav-1 through lipid rafts/ 
caveolae and clathrin-dependent pathways. Our results aiso show 
that rcav-I uptake does not have an absolute cellular requirement 
for caveolae. The involvement of multiple endocytic pathways is 
not unique to cav-1 intemalizaUon. as these mechanisms have been 
described for tlie internalization of a number of proteins such as 



protein-specific membrane antigen (33), insulin growth factor 
binding protein-3 (34), transforming growth factor [i receptor (35), 
and deeorin (36). A possible explanation for the internalization of 
cav-1 through muitiple pathways is its abili^ to interact with and 
bind to a large number of signaling proteins including multiple 
membrane receptors (IS), which places it in proximity to 
endosome-forming activities of various pathways. 

We show that CSD is necessary but may not be su£6cient for 
cav-1 uptake, which leads to tubule formation, cell migration, and 
NO prodocUon in cav-j"^" endotheHal cells. These data are 
supported by the results of a study that identified a highly 
conserved region of the engrailed homeoproteins that bears a high 
degree of homology with the CSD and are responsible for 
oligopeptide or oligonucleotide transmembrane, and cellular Q3 
transport (37). The CSD was also found to have the ability to 
direct endogencous cav-1 to cell membranes (16). 

We show that cav-1 angiogenic activities involve the PI3-K-Akt- 
eNOS pathway but not Erkl/2. Indeed, rcav-1 treatment increases 
phosphorylation of Akt (S473 and T308) and, hence, eNOS 
phosphorylation (51177 but not T49S), leading ta NO production. 



Cancer Res 2008; 68: (3). February 1, 2008 



8 



www.aacrjournals.org 



07-2668 ^ 

Secreteti Cavet^in-I Stimulates Angiogenesls 



Because previous studies show that Akt phosphorylates cNOS on 
the SU77 site, leading to eNOS activation, our results are 
consistent with a straight forward molecular pathway through 
which cav-1 uptake activates Akt, wliich in tucn activates eNOS, 
However, Alct inhibitor studies indicated that AM signaling is not 
the ordy pathway culminating in eNOS phosphorylation on S1177. 
That is, rcav-l-stimulated Alct activation was accompanied by 
inhibition of PP2A, a specific serine/threonine ianase that 
dephosphorylates S473 and T308 on Akt, and S1177 and T495 on 
eNOS (13, 21, 38). It is of interest that rcav-l did not inhibit PPl. 
a serine/threonine kinase whose substrate specificity is similar to 
that of PP2A. Because PPI may have selective activity for the T495 
site on eNOS, which unlike the 51177 site leads to inhibition of 
eNOS activity, the absence of cav-l-mediated inhibition of PPl 
could fiirther contribute to cNOS activation (21). This notion is 
supported by the absence of increased phosphorylation of T495 on 
eNOS in response to rcav-1 (Fig. 4A right). Because we previously 
showed that cav-1 -stimulated PPl, and PP2A inhibition is 
mediated through direct interaction between the cav-i CSD and 
PP1/PP2A binding sites in prostate cancer cells, (13) it seems 
reasonable to suggest that this specific interaction also applies to 
rcav-l-mediated inhibition of PP2A in eav-r'" endothelial cells. 



Studies with two complementary animal model systems (i.e., 
the RM-9-«iv-i"''" host orthotopic model and the LNTB25cav 
xenograft: niodel) substantiate our in vitro findings that tumor- 
associated endothelial cells internalize tumor-secreted cav-1. 
which is associated with tumor growth, and that overejqiression 
of cav-i in prostate cancer cells promotes angiogenesis and 
tumor growth. 

Overall, our data show tliat prostate cancer cell- derived and 
prostate cancer cell-secreted cav-I has autocrine (tumor ceil 
uptake) and paracrine (tumor-associated endothelial cells uptake) 
activities that can contribute to angiogenesis, tumor progression, 
and metastasis. We propose that prostate cancer and potentially 
other malignancies that overe;q>ress and secrete cav-I, may benefit 
from anti-cav-1 therapy that could involve cav-1 antibodies or 
peptide inhibitors of CSD. 
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ABSTRACT 

To idetitiTy genes associated with prostate cancer pro- 
gression, we developed a strategy involving the use of dif- 
rerentia] display-PCR with a panel of genetically matched 
primary tumor- and metastasis -derived mouse prostate can- 
cer cell lines. We isolated a cDNA fragmeot with homology 
to the mouse caveolin-1 gene. Northern blotting with this 
, fragment revealed increased caveolin expression in nietas- 
tasis-deiived cell lines relative to primary husor-derived cell 
lines. Western blottmg with a polyclonal careofin antibody 
coDlinned Increased caveolin protein in metaslasis-derived 
noiue cell lines and expression in three of four human 
prostate cancer cell lines. Immunohistochemicnt analysis of 
a human prostate cancer cell line demonstrated a prominent 
granular pattern of caveolin acctmiulatioD. Subsequent 
analysis of mouse and human prostate specimens revealed 
mioimal caveolin expression in normal epithelium with 
abimdant stajning of smooth muscle and endotheUiun. The 
frequency of caveolln-positive cells was increased 'm prostate 
cancer with markedly Increased accumulation of caveoUn 
and a granular staioing-pattemJiLJymph node metastatic 
deposits. In human breast cancer specimens, mcreased 
caveolin staining was detected in Intraductal and ioTdtratlBg 
ductal carcinoma as well as nodal disease. Caveolin (here- 
iore appears to be associated with human prostate cancer 
progressioD and is also present in primary and metastatic 
human breast cancer. 
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INTRODUCTION 

Prostate and breast cancers are the most commonly diag- 
nosed cancers in men and women, respectively (I), and are 
similar in that they arise in honnonally regulated secreioiy 
tissues. The ability to treat both cancers relates to the stage of 
the disease, with those cancers that are metastatic having a much 
poorer prognosis. To better understand the molecular pathways 
associated .with metastasis, we developed a strategy to Isolate 
genes related to metastasis by using DD-PCR^. to compare 
mRNA expression in a panel of genetically matched cell lines 
derived 'from primary and metastatic mouse prostate- tumors. 
The malignant tissues were produced using the MPR model 
system, which involves the induction of metastatic prostate 
cancer in vivo by the iransduction of the ras and myc oncogenes 
in fetal prostate tissues from pS3 knock-out mice (2). Multiple 
sets of clonal cell lines froth both primary and. metastatic tumor 
foci recovered from the same inbred, experimental animal were 
established and analyzed for differential gene expression using 
a modified DD-PCR protocol (3, 4). Subsequent screening of 
mRNAs.deiivcd from these panels of matched piimaiy .and 
metastatic cell lines served to further resolve the validity of the 
DD-PCR results. One of the cDNA fragments 'identified using 
this approach encoded a portion of caveolin, Caveolin is a major 
stnictittal protwn of caveolae, lipid-based organelles that are 
part of the trans-GoIgi network and involved in many cellular 
processes, such as signal transduction and transport of small 
molecules into cells (5-7). Fonnation of a multimeiic complex 
involving glycosylphosphatidylinositol-linked uPAR, inlegrins, 
and caveolin has been shown to Correlate with uPAR-mediated 
extracellular matrix adhesion in 293 cells (8). We analyzed 
caveolin expression in both mouse and human prostate cancer 
cell lines by Western blotting and confitroed elevated levels in 
metastasis-deiived cells. Immuno histochemical st udies demon- 
strated a granular staining pa'ttemspecific for caveolin in a high- 
percentage of metastatic human prostate cancer specimens and 
in primary and metastatic human breast cancer. Overall, our 
nesiilts establish a significant association between caveolin ex- 
pression and prostate cancer progression. In addition, increased 
accomulalion of caveolin was demonstrated in piimaiy and 
metastatic breast cancer relative to nonnal epithelium. 

MATERIALS AND METHODS 

Cell Lines. Mouse prostate cancer cell lines were derived 
from primary timiois (PA or PB) or metastatic deposits (LMA, 
LMB. LMC, LMD, LMl, LM2, and MMA) in the same host 
animal implanted with a ras + myc initiated p33 nullizygous 
MPR (2>. The cell lines were analyzed for retroviral integration 



' The abbreviations used are: DD-PCR. differential display-PCR; MPR. 
mouse prostate reconscinition; uPAR, urokinase plasminogen activator 
receptor; dNTP, deojtymicleotide triphosphate. 
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pattern by Sooihem blotting {2> and cultured as described pre- 
viously (2, 9). All murine cell lines were used at passages 7-10. 

fluman prostate cancer cell lines LNCaP, DU145, and 
PC -3 were obtained from the American Type Culture Collection 
and cultured as described previously (10). Tie human prostate 
cancer cell line (H) ™as cultured in DMEM with 10% 
fetal bovine senim. 

RNA Isolation and Northern Blot Analysis. RNA was 
isolated from cell lines as described previously (2) or with 
commercially available RNA isolation reagents (Btolex).- 
mRNA was purified from toial RNA with PolyATtract mRNA 
Isolation System {Promega Corp.). 

For Northern blot analysis, 20 M-g of toisl' RNA were 
fractionated under denaniring condition on a 1% agarose. 6.7% 
formaldehyde gel and transfen-ed onto Hybond-N Nylon mem- 
brane (Amersham). The membrane was baked at 80°C for 2 h. 
Blots were prehybtidized for 2 h- at 65'C in 73% SDS. 0.5 M 
sodium phosphate buffer (pH 7.2). 1 mM EDTA, 4X Denhardfs 
solution (50X = 1% FicoU, 1% polyviiiylpyirolidone, and 1% 
BSA), and 50 itg/ml salmon testes DNA. Hybridization was 
carried out by adding a "P-labeled probe that had been purified 
with a QIA quick spin column (QIAGEN) and incubating over- 
night at eS-C. Blots were washed at eS-C for 20 nun with 40 
mM sodium phosphate (pH 7.2), 5% SDS, foUowed by another 
wash at 65°C for 20 min with 40 mM sodium phosphate buffer 
(pH 7.2). 1% SDS. 

DD-FCR. Chie (primer 3, JCTGCGATCO of a set of 
unique lO-mer deoxyoligonucleoiide piimers with an arbitrary 
sequence was used for reverse transcription and as both a 5' and 
3' primerTor amplification by PGR. The primers were selected 
based on having approximately the same ratio of G + C to A + 
T with no uninterrupted self-complementary of more dian two 
nucleotides (12). Reverse transcription of mRNA was with the 
Pcrkin-Ebner Cetus GeneAmp RNA PGR kiL A reaction vol- 
ume of 10 jil contained 5 mM MgClj, IX PGR buffer 11, 1 mM 
of each dNTP {dATP. dCTP, dGTP, and dTTP), 1 unii/iil 
RNase inhibitor, 2,5 units/jil reverse transcriptase, 250 ng of 
primer, and 60 ng of mRNA. The reaction mixture was covered ■ 
. with 50 f)l of mineral oil and. incubated. aL22?.C_for 10 min and 
42''C for 15 min arid terminated by incubation at 99°C for 5 min. 
The reaction was immediately diluted to 50 p.1 and adjusted such 
that it contained 2 mM MgClj, I X PCR buffer D, 1.25 uoits of 
AmpUTaq DNA polymerase, and 20 p-Ci of f^PldATP (3000 
Ci/mM). No additional dNTPs or primers were added so that the 
fmal concentration was 0.2 mM of each dNTP and 250 ng of 
primer. TTie PCR consisted of 40 cycles at 94''C for 40 s. 40°C 
for 2 rain, and 72°C for 35 s with a fmal extension period of 
72''Cfor4 min. 

Samples from the PCR were separated on a nondcnaturiag 
5% polyaciylamide gel (29:1) with 5% glycerol at 9 W for 18 h. 
The gel was transferred to Whatman 3MM paper, dried, and 
exposed to X-ray film- overnight. The differentially displayed 
bands were excised from the dried polyacrylanoide gel and 
soaked in 500 [xl of H^O for 15 min at room temperature to 
- -removc-diefilter paperrand the gel sUce was transferred -lo 20 - 
pj of TE buffer, smashed, and incubated at room temperature 
2 h to overnight. A 5-m-I aUquot was reamplified in a 50-ji.l PCR 
mixture containing IX PCR buffer n. 2 mM MgClj, 0.25 mM 
dNTP, 1.25 units of AmpliTaq DNA polymerase, and 1 jig of 



primer. The PCR was 45 cycles with the same parameters as 
above. The teamplified cDNA fragments were purified on 2% 
NuSieve agarose (FMC) by gel ejectrophoresis. The bands were 
excised and used to niake a ^^P-labeled probe for Northern blot 
analysis as described above or cloned into a TA cloning vector 
(pCR II vector from hivitrogen). The cloned DD-PCR fragment 
was sequenced with Sequenase version 2.0 (USB). .. 

Protein Isolation and Western Blot Analysis. All. celt 
lines were grown to subconfluenee and lysed with Laemmli 
sample buffer [125 mM Tris-HCl (pH 6.8), 2% SDS, 5% glyc- 
erol, and 1% 2-mercaptoethanol]. Ly sates were separated on a 
12_S% poly aery lamide-SDS gel and electrophoretically trans- 
ferred to a nitrocellulose membrane. The membnme was reacted 
with a polyclonal caveolin antibody {C13630; Transduction 
Labs) at 1:2000 or a monoclonal P-aciin antibody (A5441; 
Sigma) at 1:5000. The immunoblots were stained, using an 
avidin-biotin-complex (ABC) kit (Vector). Prcabsorptioii of 
caveolin antiserum with^ specific antigen in excess resulted in a. 
negative reaction against a positive control hunnan endothelial 
lysate (not shown). This caveolin antiserum, was raised against 
a 97-amino acid NHj-terminal fragment of human caveolin-1. 
The mouse caveolin- 1 protein is 96.9% identical to human 
caveolin- 1 ui this region, whereas the human caveoIin-2 protem 
is 15.B% identical, although this region does contain an eight- 
amino acid conserved domain shared by caveolin- 1 and -2 (13). 
Because of the possibility that this polyclonal antibody could 
recogmtee caveolin-2 as well as caveolin-1 protem. we also 
performed Western blotting with a rabbit polyclonal antibody 
specilic for amino acids 2-21 of human caveolin-1 {sc-894; 
Santa Cruz Biotechnology) and a caveolin-2 specific mono- 
clonal {C57820. Tiansductioni Labs). Although caveoHn-2 was 
detected in most specimens, the results confiimed that cavco- 
lin-1 was the predominant species expressed in die mouse and 
human cell lines (not shown). 

Human Tissues Used for Immunolocalization of Caveo- 
lin. Fotmalin-Fixed, paraffin-embedded prostatic tissues in- 
cluding normal epithelium (13 cases), hyperplastic epithe- 
lium (17 cases), and primary adenocarcinomas (46 cases) 
, were used. Prostate tissue was^pbtMned..firom_iidlcaJ pros 
tectoray specimens. All prostate cancers were staged using 
the American Joint Committee on Cancer Tutnor-Node-Me- 
tastasis classification (14) as' cither.. Ti/Ti,No (n = 29) or 
TjNi (n = 17), and all tissues were examined and assigned a 
grade by a single pathologist (T, M. W.). For the Ti/Tj.No 
■patients, clinical follow-up was for at least 5 years, and 
patients with increased prostate-specific antigen level to 
>0.4' ng/ml were assumed to have a clinical recurrence. In 
addition, 25 lymph node metastatic deposits (of which, S 
were derived from the set of 17 T^N, patients used in this 
study) were also examined. The breast tissues included be- 
nign epithelium (24 cases), intraductal carcinoma (IS cases), 
invasive ductal carcinoma (15 cases), and lymph node .me- 
tastasis (9 cases) and were obtained from the Pathology 
Department of The Methodist Hospital (Houston, TX). 

-.-Itamunoblstochemistiy Eormalin-rixed, parafGn^bed,- 

ded mouse and human tissue sections were reacted with a poly- 
clonal andseium against caveolin (CI 3630; Transduction Labs) at 
1:400 dilution and visualized with the ABC detection system (Vec- 
tor Labs). Control incubations were done using either nomial rabbit 
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F-tt 7 /I diaEranimadcscheme. In me MPR system. pHmaiytiiraots and m«aMtasesfwmttesa^^ 
. mRNA is'isotated from each cell line and used for DD-PC31. B. a portion of a gel comparing wo different, matched pnmaiy and metastatic «tl lines 
with foor different ptimers (P2-P5). A differentially exp«sscd band in 151-2 LMB ^ was subsequently ,dent.f.ed as caveoUn. C. a Nonhem 
Wot probed with the eaveofin probe era |lyceraJdehyde-3-pliosphate dehydrogenase IGAPDH) probe depicting overexpjession of caveolin mRNA 
ii^ metastilic cell lines compared widi primary cell lines and down-rcgulatico in NIH 3T3 celts infected with a r<a + myc retrov.ws (1). 



serum or PBS in place of the piimaiy antibody or caveolin and- 
serum ptcabsotbed with purified caveolin peptide (Tiansduction 
Labs) in excess. All control experiments resulted in negative im- 
munoreaeiivity. Positive immunoreactivity in the prostate and 
breast cancer specimens was defined as greater tban one measuring 
field (at X200) showing a granular immunostaining reaction. All 
slides were scored in a blinded fashion by two independent observ- 
ers {G. Y. and L. D. T,). In addition to the staining with the C13630 
antibody, independently obtained sections firam 14 of the 46 human 
prostate cancer specimens (10 from the Ti/Tj and 4 from the T3 
group) and adjacent sections from the complete set of 15 intradtictal 
and 15 infiltrating ductal breast carcinomas specimens as well as 
two of the lymi* node metastases that were stained with the 
polyclonal caveolin antiserum (C13630; Transductions Labs) were 
also reacted with the caveolin- 1 -specific polyclonal antibody (sc- 
-^894rSantrerui Biotechnology). The results were the same with- 
one exception, a positive prostate cancer specimen converled to 
negative. In addition, subsets of breast and prostate cancer speci- 
mens were also stained with a caveolin-2-spectfic monoclonal 
antibody (C57820; Transduction Labs). Staining of cancer cells 
was negative, yet abundant endothelial staining was observed (data 
not shown). 

Statistical Methods. For analysis of caveolin expression 
in human prostate and breast cancer, the Fisher's Exact test was 
used to compare the frequency of caveolin-positive specimens. 

RESULTS 

MPR Differential Display Cloiung System for Metasta- 
sis-related Genes: Identification of Caveolin. To investi- 
gate the genetic basis of metastasis, wc developed a strategy 
.. Jft-CDmpare, .and JsQlateJhe. jpeciej. iiLffiEfiA. expressed by 
genetically matched pairs of primary and metastatic mouse 
prostate cancer cell lines, using DD-PCR. These cell lines 
have been characterized and shown to deracnsirate differen- 
tial responses to specific growth factors such as transforming 



growth factor-pi (9) as well as differential metastatic activ- 
ities in vivo CI 5). Because these celjs have identical genetic 
background, originate^ from primary and metastatic tumors 
from the same animal, are of low passage, and have been 
derived in a similar fashion, we used these cells to demon- 
strate differential gene activities and isolate corresponding 
cDNA fragments for further analysis (Rg. lA). One of the 
fragments delected as differentially expressed in the initial 
comparison is shown in Fig. IB. Using primer 3. increased 
levels of this fragment were detected in 151-2 LMB, a clonal 
cell line derived from a lung metastasis, relative to that 
delected in 151-2 PA, a cell line derived from the primary 
MPR tumor in the same animal. This fragment was isolated 
and cloned, and 230 bp were sequenced; upon comparison 
with GenBank v ersion 86.0. the sequence was similar at the 
nucleotide level itoi human caveolin- 1 cDNA (16). Subsequent 
comparison with the National Center for Biotechnology In- 
formation BLAST WWW server revealed that the 5' end of 
the DD-PCR fragment was 100% identical over 75 bases of 
the 3' end of the mouse caveolin- 1 gene (17) and 85% 
identical over 82 bases of the human caveoUn-l gene but was 
not similar to the human caveolin-2 gene (13), 

The cloned DD-PCR fragment was used for Norlhem blot- 
ting analysis to screen an extended panel of primary aiid met- 
astatic cell lines derived from three different animals, and in 
every case increased steady-state levels of caveolin mRNA were 
demonstrated for the metastasis derived cell lines relative to 
iheir matched primary cell lines (Fig. IQ. Interestingly, in a 
comparison of NIH 3T3 cells with polyclonal Zipras/myc 9- 
infeciedI«H 3T3 ce lls, caveolin mRNA levels were reduc ed in 
' Se transformed eeUs relative to ihe& nontiSisformea and non- 
lumorigenie partner, in general agreement with results obtaji^ed 
previously using NIH 3X3 cells with single oncogenes including 
r«(18). 
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Fig. 2 A, expression of caveo- 
lin protein relative to p-actin in 
primary MPR tumor-detived and 
metastatic ^te-dcrived cell lines 
ffora three experimental mice 
{148-1, 151-1, and 151-2) and 
human prostate cancer cell lines. 
A protein extract (mm human 
endothelial cells (Hum Endo; 
Transduction Labs) was used as - 
a positive control. B, cavenlin 
tnununohistochemistry of KD-t 
cells grown in vitro with punc- 
t^ staining pattern apparent in 
some cells; X400. C caveolin 
immunohistochcmistty of ND-I 
cells gtown in vitro also revealed 
areas of eytopiuiiiic staining 
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Elevaied CaveoUn Protein Levels in Motue and Human 
Prostate Cancer Cell. Lines Derived from Metastases. To 
evaluate expression of caveolin at the protein level, paiis of 
piimaiy as well -as metastatic ceQ lines iiom three <li£ferent 
animals (148-1, 151-1, and 151-2) were compared by Western 
blotting using a commereially obtained antibody to caveolin. 
The lesulis OFig. 2*1) demoostiate an overall 2-3-fold increase of 
caveolin protem in metaseatic-derived cell lines relative to their 
-matched-primanrcell line counterparts. To extend these results 
to human prostate cancer, similar Western blotting experiments 
were perfomiBd on four human prostate cancer cell lines and a 
human eodoihelial cell line (Hum Endo), as a positive control. 
Three of four of die human prostate cancer cell lines were 
derived from metastases, and ooe (ND-l) was derived from a 
high Gieason grade primary carcinorna. In three of four cases, 
caveolin protein was abundant (Kg. 24). The exception was 
ipetastasis-derived, androgen-sensitive LNCaP cells. The pat- 
tern of localizau'on of caveolin within human prostate cancer 
cells in vitro was evaluated by immunohistochemistty. In some 
cells (e.g., ND-l cells), caveolin was detected within the cyto- 
plasm of cells in a granular pattern (Fig. 2B), Interestingly, in 
many cases accumulation of caveolin appeared to be localized to 
substrate allachment sites (Fig. 20. 

Associa tion of C aveolin Expression with Tumor .Pjro- 

'greKioD Using Inununohlstochemical Staining of Prostate 
and Breast Cancer Specimens. To validate die in vitro stud- 
ies using cell lines, a series of immuaohisiochemical studies 
were undertaken to assess the pattern and amount of caveolin 
expression in tissue specimens of bodi primary and metastatic 



prostate carcinoma. Initially, specimens derived from normal 
mouse prostate and primary and metastatic mouse prostate car- 
cinoma generated by tlie MPR model were analyzed. The results 
(ieinotislrated only minimal caveolin expression in normal 
mouse prostate epithelial cells within the prostate gland; how- 
ever, abundant caveolin staining was observed in smoodi muscle 
cells, which unifotmly surround mouse prostate acini as well as 
endplhglliLfieJlsJnJhe.stroma] compaitment (Fig. 3/1). A dif- 
fiise. increased act:umtilation of caveolin was seen in primary 
prostate cancer (Fig. 3B). and in the corresponding metastatic, 
cancer cells within the mesentery, higher levels of caveolin 
appearing as a granular pattern localized near the plasma mem- 
brane were seen (Fig. 3C). In normal human prostate, as in the 
mouse, accumulation was seen in smooth muscle cells as well as 
endothelial ceils with minima] or no staining of ductal or acinar 
epithelial cells (Fig. 3D). In primary ptostate cancer, detectable 
accumulation of caveolin in malignant cells was "occasionally 
obser^'ed (Fig. 3£), whereas iu metastatic cancer within lymph 
nodes, an obvious granular accumulation of caveolin was seen 
h the carcraoma cells (Fig. 3F). 

A semiquantitadve scoring system for caveolin staining 
based on die frequency of cavcolin-positive cells was applied to 
a«as^o£ jtonnal. httmai .prnstate^^henign-prostatic. hyperplasia,- • 
and priraaiy and metastatic prostate carcinomas (Table 1). The 
results indicated a very low frequency (7.7%) of positivity in 
cases of normal glandular epithelium and low but increased 
frequency of caveolifi -positive epithelium in cases of hyperpla- 
sia (17.6%) and primary cancer of low stage (Tj/T^^No; 13.8%). 
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The T,jTi,Nop3tieiHs were subdivided into those who remained 
cancer free for 5 years after radical prostatectomy and those 
whose prostate cancer recurred. No statistical difference was 
seen between the recurrent and noiuecunent group. Although no 
association was found between caveoUn and prostate cancer 
recurrence, our sample size was small, which Umited our ability 
10 detect any difference. Thus, our lack of a difference may 
reflect the limited statistical power of our test rather than a tnie 
lack of association. Increased frequency of caveolin staining 
was seen in TjN, primary cancers of high stage and with nodal 
metastasis (TjN,; 29.4%), and markedly increased levels of 
, ,_C2«eolin-&taining-Wcre ,:deiecied Jn..canccr_cells_mcias.tatic to _ 
lymph nodei (56% P < 0.01; Hsher's Exact lest). 

To determine whether this phenomenon was shared by 
other honnone-sensittve adenocarcinomas in humans, a series of 
breast carcinomas and notmcoplastic breast tissues was also 



evaluated for caveolin expression using the same staining tech- 
nique. As in prostate, caveolin staining in normal ductal or 
lobular epitheUal cells was minimal, whereas prominent caveo- 
lin staining w.as observed in the adjacent myoepithelial cells 
(Fig. 3G). However, intraductal carcinomas stained positive 
with a similar granular pattern as that observed in metastatic 
prostate cancer, yet more striking (Fig. 3H). As in prostate 
cancer, increased levels of caveolin staining were delected in 
breast cancer ceils metastatic to lymph nodes (Fig. 31). Careful 
quantitative analysis using the described scoring system con- 
firmed that significantly higher expression of caveolin was 
detected in intriduci^_caicinqn^ 

epi'iheUum {P < 0.001; Fisher's Exact test) and a statistically 
significant increase was demonstrated for infiltrating ductal 
carcinoma as well as nodal metastases < 0.001; Fisher's 
Exacl lest for both comparisons; Table 2). 
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ToWe / CaveoBn imniunosiaimng in human prostaie tissues 



Prostate specimens 


If 


Caveolin 
+ 


% 


Norma! glandular epithelia 


13 


12 


1 


7.7 


Hyperplastic epithelia 


17 


14 


3 


17.6 


Pathological stage of cancels 










T,/Tj.N, 


29 


25 


4 


13.8 


Recurrent 


11 


9 


2 


.1B.2' 


Mo recurrence 


IS 


16 


2 


U.l 












Primary cancer 


17 


12 


5 


29.4 


Metastatic site in lymph node 2S' 


11 


14 


36.0^ 


' n values denote the numbe 
^Posilivity was ddfined as 


of patients in each gi 
over one measuring 


field showing 



granular immunostaining in cancer. 

'Tissues from metastases included eight cases of TjN, stage, for 
which the primary cancer was also stained. 

■* f < 0.01 (Rsher's Exact lest) as compaied with both noimal and 
hyperplastic epithelia as well as the T,fT^ camcets. 



DISCUSSION 

We have previously established sets of carly-passage cell 
Jines ftom primary and metastatic mouse prostate cancer that 
were initiated in the same animal by tians<iui:tion of ras and myc 
oncogenes into fetal prostate tissues from p53 knock-out mice, 
f.e.,.MPRs (2). These sets iof cefl lines are.clonally tagged by the 
initiating retioviius, are early passage, and are genetically and 
biologically matched, such that the predominant genetic differ- 
ences between the primary versus metastasis-derived cell lines 
should be related to the metastatic process. Using this system 
together with DD-PCR techniques, we identified the caveolin 
gene as being up-regulated in both motise and human prostate 
cancer metastases and interestingly in piimaiy anil metastatic 
"breast cancer. 

Previous studies of caveolin function in normal cells have 
revealed its involvement in many biological activides that are 
germane to cancer progression. Caveolin is a major protein 
consdtuent of caveolae, a recogiiized..s.uMom|3aiJment_Qf_the 
plasma membrane and Golgi network (19). Caveolae are stra- 
tegically positioned to sequester glycosylphosphatidylinositol- 
linked proteins and apparently organize their interaction with 
downstream cytoplasmic signal uansdacUon complexes (5, 6, 
20). Caveolae identified in nonnialignani cells play important 
rotes in signal transduction (20-22). molecular transport (23), 
and cellular motility and adhesion (S). In regard to signal tranS' 
duction, specific molecules involved in transfoimalion have 
been associated with caveolae including members of the ras 
family (24), c-irc (25, 26), as well as the endothelin receptor 
(21). Although the specific rotes for these molecules in prostaie 
and breast cancer progression remain to be fully elucidated, 
mutations or aberrant expression of these molecules have been 
identified in these malignancies (27-29). Caveolae are also 
involved in the molecular transport of ceramide and cholesterol. 

..Beeai]seeeramidehas-been-eleaily-de mGnsirated-to-be-invoived 

with apopiotic activities, inappropriate u-ansport of this mole- 
cule could perturb die apoptotic paOiway and play a role in 
cancer progression (30). Recently, it was demonstrated that 
caveolin mKNA levels are up-regulated by free cholesterol in 



Table 2 Caveolin immunostaining in human breast tissues 



Breast specimens 




Caveolin 

- + 


Posit ivity % 


Benign epithelia 


24 


22 2 


8.3 


Intraductal caictnoma 


15 


3 12 


30.0° 


Infiltrating ductal caicinonia 


IS 


1 14 


93.3° 


Lymph node metastasis 


9 


2 7 


77.S" 



These values are significantly higher than that in the benign breast 
epithelia (P < 0.001: Fisher's Exact test). 



human sicin fibroblasts (3 1), and increased expression of caveo- 
]in-l has been reported in both mouse (32) and human (33) cells 
with impaired ability to metabolize low density tipoprotein- 
derived cholesterol. Interestingly, a prospective study of dietary 
fat and lisk of prostate cancer reached the conclusion that 
advanced prostaie cancer was associated with tiigh fat intake, 
especially fat derived from red meat (34). th addition, caveolin, 
together with ^-I integrin and uPAR, was identified as compo> 
nenis of a functional complex involved in matrix attachment and 
motility (8), two biological activities that are highly relevant to 
the metastatic cascade. Although further studies are necessary to 
dissect the discrete fiinctions in which caveolin participates, 
recent studies suggest that caveolin may be involved with bridg- 
ing integrin-mediated signaling with She and juither down- 
stream signal transduction pathways that result in gene activities 
that are relevant to the metastatic cascade (8, 35, 36). 

Although caveolin is involved in numerotis biological ac- 
tivities relevant to malignant progression, direct evidence of a 
role for caveolin in progression of human carcinoma has not 
been reported. A recent smdy demonstrated that overexpression 
of selected dominantly acdng oncogenes resulted in suppression 
of caveolin mRNA- and protein levels and fewer caveolae in 
fibroblastic N1H3T3 cells (18). In this report, it was further 
shown that caveolin levels were inversely conetated with the 
size bnt not the number of colonies prodticed in soft agar by 
oncogene-traasfecied clones. In our study, traihsromialion of 
N1H3T3 cells with both ras and myc-also led to jedured cajreji:, 
lin mRNA (Fig, IC). The down-regulation of caveolin in trans- 
formed NIH3T3 cells appears to contradict the major observa- 
tions of our present study; however, this may only reflect 
differences in Iransformatioa and selection of immottalized fi- 
broblasts in vitro compared virith the malignant progression of 
cancer cells within prostate or breast tissue in vivo. Previous 
studies have demonstrated that caveolin expressioti is associated 
widi the differentiated phenotypc in some simple squamous 
epithelia including capillary endothelial cells, type I pncumo- 
cytes. and specific mesenchymal cells, including fibroblasts, 
smooth muscle cells, and adipocytes (37-41). Our analysis 
demonstrates that caveolin is barely detectable in norma! pros- 
tate and breast glandular epithelium m vivo, whereas adjacent 
smooth muscle, endothelial, and breast myoepitheUal cells had 
abundant staining. 

The-results-of-this-siudy-elearly-assoeiate-iocreased-accu- 

mulation of caveolin with progression of human prostaie cancer 
and with primary and metastatic breast cancer relative to normal 
epithelium. Prostata cancer cell lines derived from high-grade 
localized disease (ND-l). as well as metastases, expressed high 
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levels of caveolin in vitro. Further analysis using immunohis- 
tochemistiy indicated extensive accumulation in metastatic dis- 
ease. These results were closely mimicked in breast cancer 
(issues. However, our analyses also demonstrated widespread 
expression of caveolin in localized breast disease, suggesting 
that increased caveolin expression occurs earlier in progression 
of breast cancer relative lo prostatic cancer, Allemaiively, me- 
tastasis without extensive local growth may occur more fre- 
quently in caveolin-positive prostate cancer relative tocaveolin- 
positive breast cancer. Regardless of the tirrung of elevated 
caveolin during the progression of these important malignan- 
cies, melastatic lesions of both prostate and breast cancer are 
characterized by significantly increased levels of this protein. 
• Funher studies should reveal additional information regarding a 
potential role of caveolin in prostate and breast cancer progression. 
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